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In certain soil studies specific chemical reaction must be accurately deter- 
mined, and it is most accurately determined by measurement of the hydrogen- 
ion concentration. 

Two methods are available for the measurement of hydrogen-ionconcentra- 
tion in soils—the colorimetric and the electrometric. The colorimetric method 
requires the use of soil extracts and color indicators of chemical reaction. Such 
indicators ionize, with production or change of color, in solutions containing 
definite hydrogen-ion concentrations. Wherry (1) has used a series of such 
indicators to determine the hydrogen-ion concentrations of soil extracts at 
various points between superacid and superalkaline soils. While such a 
method is more accurate than the older titration methods, yet it indicates the 
specific reaction of the soil indirectly. 

The hydrogen ion carries a positive electric charge, thus maintaining an 
electric potential in the soil solution. The electrometric method measures 
this potential by means of a potentiometer and galvanometer; the electric 
potential in the soil solution being balanced against a known resistance, the 
accuracy of such measurements depending upon the stability of this balance. 
Gillespie and Hurst (2) have devised a hydrogen-electrode vessel for soil 
measurements which very nearly yields a steady potential balance. Using 
the Clark hydrogen-electrode vessel we obtained a steady potential balance 
and satisfactory electrometric measurements of specific soil reactions. 

In field studies and in studies of processes constant over a wide range of 
hydrogen-ion concentrations, an approximate determination is sufficient, and 
the colorimetric method may be used. In more particular studies and when 
processes may be seriously affected by the hydrogen-ion concentration of the 
solution, the electrometric method should be used because it is the most 
accurate method available. 

The apparatus used in this investigation consisted of the Clark hydrogen- 
ion apparatus supplied by the Leeds and Northrup Company, a portable lamp 
and scale galvanometer, a Leeds and Northrup type K potentiometer and a 
standard Weston cell, Model 4. Two Columbia dry cells furnished the work- 
ing current. Hydrogen obtained from a Kipps’ generator was passed through 
two wash bottles (the first containing 0.5 V NaOH and a small quantity of lead 
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acetate; the second containing distilled water) and then conducted into the 
hydrogen-electrode vessel. A normal KCl calomel electrode was used and 
normal KCI solution, saturated with calomel, was used in the connecting vessel. 
Measurements were made at room temperature without the aid of a constant 
temperature bath, but the temperature of the calomel electrode was carefully 
noted immediately following each measurement, the reading being made to the 
nearest degree or half-degree Centigrade. Following Clark’s suggestions, hy- 
drogen was not bubbled through the sample under measurement. Clark (3) 
states that “in fluids containing carbonate the double effect of the CO: upon 
the partial pressure of hydrogen and upon the hydrogen-ion equilibrium renders 
accurate measurements difficult. It is of more importance to maintain the 
original CO, content of the solution than it is to be concerned about the effect 
of CO, upon the partial pressure of hydrogen.” The platinum electrodes were 
coated with platinum black at intervals of four to seven weeks and kept in 
distilled water during the intervals; they were saturated with hydrogen im- 
mediately before each day’s series of measurements. 

To test the accuracy of the electrometric measurements made by such an 
apparatus under the above conditions, a 0.1 NW HCl solution was measured 
with the results shown in table 1. 


TABLE 1 
TIME READING a pH vALUE | THEORY 
volts *C. 

0.1 N HCl, factor 1.0006........... 10.20 0.3490 31 1.06 

10.22 0.3490 

1.07 (4) 

IORI obs nic wnes ows astccne 10.37 0.3475 31 1.08 

10.39 0.3475 


As a further test two standard “buffer” solutions were measured electro- 
metrically and colorimetrically. Results are given in table 2. 

The colorimetric method measures to two-tenths of a pH value. Tables 
1 and 2 demonstrate that without extensive equipment electrometricmeasure- 
ments of hydrogen-ion concentrations afford a fair degree of accuracy. Great 
refinement in correcting for barometric and temperature fluctuations is neces- 
sary only in physio-chemical research. 

In making the soil measurements the hydrogen-electrode vessel was half 
filled with CO,-free distilled water, a small portion of water entering the re- 
servoir; 4 gm. of air-dried, or 5 gm. of fresh soil were introduced in small 
portions into the vessel, carefully mixing the soil and water; the vessel was com- 
pletely filled with CO,-free distilled water, the platinum electrode carefully 
inserted, avoiding the formation of air bubbles; the stopcocks closed, and the 
vessel placed in an inverted position in the shaking apparatus and connected 
with the hydrogen generator in the usual manner. In this inverted position 
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the soil settles upon the upper surface of the vessel making it possible to sweep 
out the water with hydrogen. As much water as possible was swept out with a 
TABLE 2 q 
2 
TIME reapInG | re ‘amo | a ‘ 
PH VALUE | pH VALUE af 
volts "Ge ' 
I Biinisincescenscancenss 2.17 | 0.6995 32 6.88 7.0 i 
2.19 | 0.6995 4 
Cee Bierss iii adiciss 2.43 | 0.6995] 32 | 6.88 | 7.0 : 
2.45 | 0.6995 4 
a: 
a 3.06 | 0.7670) 32 7.99 8.2 3 
3.08 0.7670 
DUPUGAON iid nctaciwaisiionewocen 3.26 0.7675 32 8.00 8.2 
3.28 0.7675 
TABLE 3 
a ag READING | 7#EPERA- | pH VALUE 3 
volts °C. : 
( 1 10.56 0.7235 21.0 7.50 
10.58 0.7235 
F 1 11.10 0.7420 25.0 13 
ILE MONE NAO foc Ss seis sacs escoteaee ‘ 11.12 0.7420 
1 11.46 0.7290 20.5 7.61 
11.48 0.7290 
Do SN OUST AT SOIC STEN ARS IPE CECE EASIER Te ERI PRP 7.55 
2 12.21 0.7270 25.0 7.48 
12.23 0.7270 
2 12.33 0.7340 20.5 7.69 
12.35 0.7340 
NUON Sis siete scne kh cawide wares 4 
2 3.41 0.7385 20.5 ale 
3.43 0.7385 
2 4.25 0.7240 20.5 7.53 
4,27 0.7240 
CEU ENS CONT TIC, OONCACCTTAR Sy SOE ME SERRATE PG Tr Cte nL ge ee ee 7.62 
hydrogen, the stopcocks closed, the vessel disconnected and removed from the 
shaking apparatus. The vessel was now shaken by hand for 5 minutes, then 
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placed in the proper position in the shaking apparatus and so adjusted that the 
platinum electrode was completely submerged in the wet soil. After three 
minutes the vessel was so re-adjusted that the platinum electrode was half 
immersed in the wet soil, and the connections were made with the poten- 
tiometer, the apparatus remaining undisturbed for six minutes, after which 
the readings were made. 

To test the accuracy of such electrometric measurements different hydrogen- 
electrode vessels and different platinum electrodes were used to measure the 
same soil. Results are shown in table 3. 

Having established a fair degree of accuracy for the electrometric measure- 
ments, six samples of fresh soils from the Station farm were measured as in 
table 4. 

TABLE 4 


Fresh soils 


READING “oa PH VALUE | AVERAGE 
volts “C pH 

Suttoam, 1. 26.6 percent HyO........5..5- 0.6000 19.0 5.41 5.31 
RRRMMMNE SS 6c L Conk nwshikannie enw ecxmehe nas 0.5890 19.0 3.22 7 
Silt loam, 2. 26.6 per cent H2O.............. 0.6020 19.0 5.45 5.46 
PREEMMNE <5 oii u ocak aemexse sss snp sies jes a ee 0.6050 20.0 5.48 : 
patioam,3. 25 percent BD...........009000+ 0.5940 19.5 5.30 5.43 
EPEMNG ins nnusesobsnbue ere <>enassaxcbenien 0.6100 20.0 ef : 
Siltloam,4. 25 per cent HyO............000% 0.5880 20.0 5.19 5.37 
SURED cout b cbc ens oeWasoassyseabns ee 0.6090 20.0 3.39 i 
ON ee ge ee! Ce 0.6100 22.0 5.54 5.69 
NE Ss Sc conde aes been oes baseascenes 0.6280 22.0 5.85 ; 
Siltfoam,6. 25\per cent HyO.........0060.006 0.6180 ZAGS 5.01 5 66 
SRI 6 a won deans beret cuss bRabiend sues 0.6250 21.5 5.81 i 


The same samples of soil were air-dried, passed through a 1 mm. sieve, stored 
in Mason jars on the laboratory table for 12 weeks and then remeasured as in 
table 5. 

These air-dried soils, together with a strongly acid soil (silt loam, 17), were 
measured colorimetrically using Wherry’s method. The results are tabulated 
together with their electrometric measurements in table 6. 

Hopkins test showed a lime requirement of 108 pounds of calcium carbonate 
for soils 1, 2 and 4; 140 pounds for soil 3; 36 pounds for soils 5 and 6; and 
1786 pounds for soil 17. Soils 1 to 6 are similar in character and highly phos- 
phatic; soil 17 is of a different type and moderately phosphatic. 
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TABLE 5 
Soils after air-drying 


oe ee AVERAGE PDH VALUE 
READING TURE PH VALUE 
Air-dried | When fresh 
volis < 
BHP een. Ooh cckieedt SS 0.5970 34:5 5.19 
BPPUCARE ies e'einnicaide soa sis:s ele dies 0.6030 32.0 5.28 a a 
RMON RS ho eS oe aacures 0.6030 KS ee 5.29 
oe ache Son 0.5790] 31.5 | 4.89 } a) ae 
SUN Cc, ek APP eae 0.5840 30.5 4.98 
TORS io es sits old 5 Wha atsawtosNiasal see 0.5840 | ~31.0 4,98 — — 
BHU ONE Ecc bcsascesecsseasebesss 0.5730 31.0 4.80 
Be i ee 0.6010} 31.5 | 5.25 1a). 
TMOG O65 Sesto obede sae onee 0.6190 32.0 5.54 
NP AIGEUR aso oGtal ae delat et 0.6165 31.5 35.51 5.52 5.0 
CLL TP a a ae 0.6000 30.0 5.26 
STON: 0.6140| 30.0 | 5.49 5.37 | 5.66 
TABLE 6 
pH VALUE 
SOIL SPECIFIC REACTION 
Colorimetric Electrometric 
5 acid 
t 3+ 6.6 By 5 
2 3+ 6.6 5.09 
3 3+ 6.6 4,98 
4 3+ 6.8 5.02 
5 3+ 6.5 5252 
6 3+ 6.6 5.37 
17 10 6.0 3.44 
SUMMARY 


The hydrogen-ion concentration of the fresh and of the air-dried soils studied 
may be measured directly by using the Clark hydrogen-electrode vessel. 


The air-dried soils measured in this manner show a slightly greater hydrogen- 


ion concentration than they do when measured in a fresh condition, and a 
distinctly greater hydrogen-ion concentration than they do when measured by 
Wherry’s method. 

It has been shown that without extensive equipment electrometric measure- 
ments of hydrogen-ion concentrations in these soils afford a fair degree of 
accuracy. 


ere 
chiles 


Pa Oa Heep 3% 


Siete es 
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It has been known for a long time that sulfur and its compounds can be 
oxidized by various groups of bacteria, and in this process the sulfur is used, 
in place of carbon compounds, as a source of energy. The carbon necessary 
for the building up of the protoplasm of the organisms is obtained either from 
carbonates or from the CO; of the atmosphere. The various microérganisms 
concerned in the oxidation of sulfur and sulfur compounds are all brought to- 
gether into one large group, under the name of sulfur bacteria. However, the 
fact that these organisms vary greatly both in their morphology and metabo- 
lism has led various investigators to subdivide them into several groups. 
The earlier investigations of Winogradsky (17) and other investigators on 
Beggiatoa, Thiothrix, purple bacteria, etc., used, primarily, hydrogen sulfide 
and sulfides as a source of sulfur. These substances are presumably oxidized 
first to sulfur and then to sulfuric acid. The organisms were grouped together 
by Omelianski under “sulfur” bacteria. They are usually subdivided as by 
Omelianski (12) and Diiggeli (2) as follows: 


1. Thread forming, colorless bacteria, accumulating sulfur within their cells. 
2. Non-thread forming, colorless bacteria, accumulating sulfur within their cells. 
3. Purple bacteria. 


As a result of the work of Nathanson in 1902 (11), Beijerinck (1) and Jacob- 
sen (5, 6), on the oxidation of thiosulfate, a new group of organisms was 
described. These bacteria are colorless, non-thread forming, and use thio- 
sulfate as a source of energy; they do not accumulate any sulfur within their 
cells but produce an abundance of sulfur outside of their cells. These bacteria 
were naturally placed in a fourth and new group under the name of “thio- 
sulfate” bacteria, or, according to Omelianski (12), “‘thionic acid” bacteria. 

Recently a fifth group of sulfur bacteria has been added. This includes 
the organism which is concerned in the oxidation of elementary sulfur in the 
so-called ‘“sulfur-floats-soil” composts, developed by Lipman (8), McLean 
(10) and their associates. This organism isolated by the author and associates 


1 Paper No. 59 of the Journal series, New Jersey Agricultural Experiment Stations, Depart- 
ment of Soil Chemistry and Bacteriology. 
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(9, 14, 15, 16) is able to oxidize elementary sulfur very rapidly to sulfuric acid. 
It is a small, colorless, non-thread forming organism, using primarily elemen- 
tary sulfur as a source of energy, not accumulating any sulfur within or without 
its cells. This organism (Thiobacillus thiooxidans) can be readily isolated in 
pure culture, by the use of proper media, and can be kept in culture more 
readily than most of the sulfur organisms studied so far. 

The classification of the organisms concerned in the oxidation of sulfur into 
I, sulfur bacteria, including the first 3 groups, and II, thionic acid bacteria, 
including group 4, might be modified in view of the discovery of Thiobacillus 
thiooxidans. This modification would consist in dividing the sulfur bacteria, 
if physiological characteristics are taken as a basis of subdivision, into 3 large 
groups: I. “Sulfide” bacteria, which would take the place of Omelianski’s 
“sulfur” bacteria. Into this group we would include organisms which oxidize 
primarily H,S and sulfides, with the accumulation of sulfur within the cells of 
the organisms. The first three smaller groups (arabic numerals) would be 
included into this large group (I). II. “Thiosulfate”’ or “thionic acid” 
bacteria, which oxidize primarily thiosulfates, to.some extent sulfides and 
elementary sulfur with the accumulation of sulfur outside of their cells and the 
transformation of sulfur compounds into sulfates and persulfates. This group 
would include the small group, no. 4, which is the same as Omelianski’s 
second group. III. “Sulfur” bacteria proper, organisms which oxidize pri- 
marily élementary sulfur, without accumulating any sulfur within or without 
the cells, but with the production of large amounts of acid formed by the 
oxidation of sulfur. This large group would include organisms like those 
studied by the author and associates (group 5). 

From the systematic point of view, the members of group I (1, 2, 3) belong 
partly to the Thiobacteriales, partly to other groups, while groups II and III 
(4, 5) belong to one genus Thiobacillus closely related to the other autotrophic 
bacteria among the Eubacteriales. 

However, this new system would not present greater advantages over the old 
in view of the fact that organisms belonging to group II can also oxidize ele- 
mentary sulfur, and organisms in group III can also use, to a small extent, 
sulfides and thiosulfates. 

The subdivision of the organisms concerned in the oxidation of sulfur and 
its compounds directly into the minor five groups gives a good working basis. 
Of these five groups only 4 and 5 are found in the soil or may become active 
there in oxidizing sulfur; the studies presented in this as well as in the following 
papers will be limited to these 2 groups. Group 1 (Beggiatoa, etc.) has so 
far not been demonstrated in normal, cultivated soils. This is also true of the 
purple bacteria,—it is not even definitely established, as far as pure cultures are 
concerned, that these organisms are able to oxidize sulfur compounds. Repre- 
sentatives of group 2 have been mentioned as soil organisms by Gicklehorn 
(4), but the work of this investigator consisting merely in examining microsopi- 
cally impure cultures, without any attempt to a study of pure cultures and 
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physiological activities, deserves little consideration. Groups 4 and 5, the 
first studied by Nathanson (11), Beijerinck (17), Jacobsen (5, 6), Lieske (7), 
Gehring (3), and Trautwein (13), the second by the author and associates 
(9, 14, 15, 16), deserve careful consideration as soil microérganisms. 

So far, three species belonging to these 2 groups have been described: 
Thiobacillus thioparus Beijerinck, Thiobacillus denitrificans Beijerinck, and 
Thiobacillus thiooxidans Waksman and Joffe. All these three organisms are 
autotrophic deriving their carbon from CO:; however, the form related to 
Th. denitrificans isolated by Trautwein can also thrive on organic carbon 
compounds. Th. thioparus and Th. denitrificans were placed in group 4 and 
Th. thiooxidans in group 5. The differentiating characters between these two 
groups can be summarized under the following headings: 


A. The organisms placed in group 4 were isolated by the use of thiosulfate as a source of 
sulfur, although they are also able to oxidize H,S, sulfides and even elementary sulfur. Thio- 
bacillus thiooxidans was isolated by the use of elementary sulfur (powdered); it oxidizes 
thiosulfate and sulfides only to a small extent. 

B. The Th. thioparus and Th. denitrificans produce free sulfur outside of their cells in the 
form of a pellicle. Trautwein (13) recently described an organism related to Th. denitrifi- 
cans, but which grows aerobically and does not accumulate any sulfur. TJ. thiooxidans does 
not produce any sulfur from thiosulfate, which is rapidly oxidized to sulfuric acid. 

C. Th. thioparus and Th. denitrificans are according to Beijerinck (1) 3x0.5 — 1 in size, 
motile, and can be cultivated on agar media. The denitrifying sulfur oxidizing organisms 
studied by Lieske and Gehring are only 1u long. The organism studied by Trautwein is 
1-2x0.5u, motile and reduces nitrates, under anaerobic conditions. Th. thiooxidans is 0.75- 
1x0.5u, non-motile, was not cultivated so far on solid media. 

D. The organisms belonging to group 4 oxidize the thiosulfate to sulfate and persulfate, 
according to Nathanson (11) and Trautwein (13), while the Th. thiooxidans oxidizes thiosul- 
fate to sulfate, which will explain the following difference. 

E. The optimum and limiting reactions of Th. thioparus and Th. denitrificans have not 
been stated, but, from the work of Trautwein, we find that his organism, closely related to 
the other two forms, has its optimum reaction in the alkaline range (pH = 8.0), and, when 
grown on slightly acid media, changes the reaction to alkaline. Th. thiooxidans grows ina 
distinctly acid reaction (optimum pH = 3.0) and produces large amounts of acid. The 
fact that Jacobsen (6) obtained active oxidation of sulfur by means of an organism which was 
supposed to be the same as Beijerinck’s form, would lead to think that he might have had, 
in addition to that organism, also Th. thiooxidans or a closely related strain. 


As a matter of fact, this last factor, namely, the question of reaction, could 
in itself be used as a physiological characteristic for the classification of sulfur 
bacteria. It would place the optimum activity of the first four groups on the 
alkaline or neutral side and group 5 on the far acid side. 

According to the work carried on at the New Jersey Experiment Stations 
(9, 16), Th. thiooxidans seems to be a distinct species, as far as both morphologi- 
cal and physiological activities are concerned. The other two organisms vary 
somewhat in their description by the different investigators. Beijerinck 
(1) stated that Th. thioparus is practically undifferentiated morphologically 
from Th. denitrificans. These two organisms were supposed to be about 3u 
long and 0.5 to 1p in diameter; but Lieske and Gehring found Th. denitrifi- 
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cans only 1p long and Duggeli (2) states that Th. thioparus is only 0.3-0.5u 
long. While Beijeinck found that his organisms separated sulfur from thio- 
sulfate, Trautwein made a detailed study of a denitrifying organism which is 
unable to do that. This would simply indicate the fact that various organisms 
have been studied by various investigators and that we have here more than 
two organisms. A more detailed comparative study of the various organisms 
representing these groups is needed. This is also substantiated by the results 
obtained in our own laboratory on bacteria which oxidize sulfur under alkaline 
conditions and which will be published in the following paper. 

Another important differentiating point between Th. thiooxidans and the 
other two organisms is their viability. The first organism has been kept in 
pure culture, in liquid media, for over a year, without losing either viability 
or physiological characteristics; the Th. thioparus and Th. denitrificans have 
been reported by Beijerinck (1), Gehring (5) and others to deteriorate rapidly 
in pure culture. The organism studied by Trautwein (13) can be cultivated 
in ordinary bouillon and can be kept alive in that medium for many months, 
without losing its power of sulfur oxidation. 

As to the occurrence of these organisms in the soil, Gehring (5) stated that 
the denitrifying sulfur oxidizing bacteria are present in various soil types, but 
different soils contain different races of this organism which differ greatly in 
virulence. Trautwein (13) demonstrated the presence of his organism in the 
soil, while Th. thiooxidans has been isolated by Waksman and Joffe (16) from 
soil-sulfur composts and was used by Lipman (8) in the inoculation of element- 
ary sulfur for application to soils. 

As a result of these comparisons, we find these different forms of sulfur oxidiz- 
ing organisms and others which will, no doubt, be added to the list require 
various cultural treatment and methods of study. 

The various media used for the isolation of the sulfur oxidizing organisms that 
are or may become active in the soil, are as follows: 


1. Beijerinck (1) medium 


RO REE 25 os ck s Je eaele gt IGBO Oy" MHRA avs cao csewnde ats 0.1 gm. 
LOS CE ears Sem: ANA). . edkccseesees da 1.0 gm. 
oO SSE eee 0.1 gm. Medium unsterilized. 

URED 8 es See S aw Ses se 0.2 gm 


2. Jacobsen (5) medium 


Distilled Water. .<ss 0 00s0s0% AS: ON ince eb hoo a sans San oe 0.2 gm. 

OL Oy eee 0:5 gm. CaCOsor MgCO,...........5 20.0 gm. 

5 LS eerily cp cmreris = 0.5 gm. Precipitated sulfur.......... 10.0 gm. 
3. Lieske (7) medium 

Distilled water.............. Res IN, sd ee SA 5.0 gm. 

WANs eis ox sieesss baw AD Nbc OMEN A DG 555 ssc ss wib's 4,250 bs SS 1.0 gm. 

(Se oe eee eee CES ae G65 2 & ie ee Traces 
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4. Trautwein (13) medium 


Distilled water............ ROOD IS AT ie oc 8S ited cciedteewe 1.0 gm 
NOS O sais sisiscls <i: sedowreive BO eae is TN allies bss ejas hd bidie ¥ ales saiee 0.1 gm 
1 Ca a er Os ngins. | NaHCO ss. 55:54 scene siseecss 1.0 gm 
DV RETO 6 5.51550 9 4j0-5-9:050'0i0:516 0.2 gm. 
5. Medium used by author and associates (9)? 

Distilled water ............. 1000) ces .. MgSO g- THO. 5:55 ices 0.5 gm 
TREO Ga035 Sisiofeue Sienna os PE Ba ROD ar. s315:careececatiiarele-e acaeiars 0.01 gm 
RIE OM i sslancintninwe's'saneqaee POG ONT 4 WSMINE Loc s cinia'o/6 son's 4% 400 inicio 10.0 gm 
MG esa ai o's nic iave. visio: sip etivieceie ecole 0.5 gm. Cas(POx)2 ee ereccerececceees 10.0 gm. 


6. Modification of medium 5 for Th. thiooxidans? 
(pH value about 4.0) 


Distilled Water. . .0:6<.6s250 650 PA Uy = a <.. na Trace 
(NTE SSOR cose sccec cece ess Oz ams BURPO Riis eck ian 3.0 gm. 
PERSO FTG isso osc s cevaccavies Otaaits - (Sulit. cSess ee cates newalsen 10.0 gm. 
OS: OER OER REM etre Cee 0.25 gm 


7. Second modification of medium 5? 
(pH value about 3.0) 


(NEDO iaca isANv as ceee. O25 gi WSU Se. isan ciawesiectes 10.0 gm. 
NGS OL TIO Fiaisls:s dadaie etiete 0.5 gm. KH2PO,, 1.0 M solution.... 80cc. 
OO rian cies 6 ceiald sei ake 0.01 gm. HsPO,, 1.0 N solution....... 20 cc. 
OF 0 | Ch ee eae 2.5 gm. Distilled water to make...... 1000 cc, 


8. This medium is the same as 1, with the addition of 1 per cent CaCOs, weighed out separately, 
or 0.25 gm. CaCle per liter 


9. Solid agar medium of Beijerinck 


ED WRCEE ie dois sale Bias hoaticle NOOB esis ONTO iia ddic ice ckiccislewte ss 0.1 gm 
PNM 225.0%: o!-aig bale 8 oie eiale 5.0 gm. Agar ee ee 20.0 gm. 
BIRO ccsisiccieuse anne se 0.1 gm. With or without 2 per cent CaCOs. 
DMR OOE sis a 5ssinc 4a siels'< cio 0.2 gm. 

Medium 10° 


Media 1, 2, 3, 4, 8, 9 are used for the study of bacteria that are able to oxidize 
sulfur under neutral or alkaline conditions. Media 5, 6, 7, for the study of 
bacteria oxidizing sulfur under acid conditions. As a matter of fact, although 
Th. thiooxidans was isolated by means of medium 5, the other media (6 and 7) 
which were developed later, were found to give much better results. This is 
due to two factors: a, the initial reaction is more favorable for the growth of 
the organism, b. the large amount of buffer (KH2PQ,) does not allow the acid 
formed from the oxidation of sulfur to change rapidly the reaction of the 
medium to such a degree of acidity as to injure the further development of 
the bacteria. 


2 The sulfur and the Ca3(PO,)2 are weighed out separately into the individual flasks. 
Media 5, 6, and 7 are sterilized, on 3 consecutive days in flowing steam, for 30 minutes. 

3 After this paper has been submitted for publication, another solid medium has been 
developed for the growth of Th. thiooxidans, consisting of 1000 cc. distilled water, 5 gm. 
NagS2Os, 0.1 gm. NH,Cl, 0.25 gm. CaCh, 3 gm. KH2PO, and 20 gm. agar. 
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As a starting point for the isolation of the microérganisms that are able to 
oxidize sulfur both under acid and alkaline conditions, two kinds of compost 
were used, A. The sulfur-floats-soil compost, developed by Lipman, McLean 
and associates resulted in the isolation of Th. thiooxidans described in detail 
elsewhere (9, 16) both as to methods of isolation, morphological, cultural and 
biochemical characteristics. B. The alkali-soil-sulfur compost, which consists 
in composting black alkali soil, having a pH value of 9.6-9.8, with various 
amounts of sulfur. This compost gave very good results by the use of media 
1, 8,9. At least two organisms have been obtained which are responsible for 
the oxidation of sulfur under alkaline conditions. These organisms behave in 
general like Th. thioparus and related forms studied by Nathanson (11) 
Beijerinck (1), Jacobsen (5, 6) and Trautwein (13). But, in addition to 
some morphological differences, they also show some distinct physiological 
differences. 

Beijerinck reported that Th. thioparus when grown on his medium (1), 
produces a thick pellicle consisting of sulfur enclosing the bacterial bodies. 
Trautwein reported that his organism (related to Th. denitrificans) does not 
produce any sulfur from the thiosulfate. In our case, an organism was 
obtained which readily produces sulfur in the presence of CaCO ;, but does 
not produce any in its absence. The idea suggested itself that this may be the 
explanation of the difference between Beijerinck’s and Trautwein’s results. 
Possibly that the CO, produced from the carbonate by the acid formed, in- 
teracts with the thiosulfate and gives precipitated sulfur. The cultures from 
the two liquid media, viz.,1, with the CaCOs, on which sulfur has been precipi- 
tated and 2, without the CaCOs, on which no free sulfur was formed, were then 
transferred upon the solid medium 9, with and without CaCO;. In both cases 
sulfur was precipitated in the streak when the culture was transferred from 
flask 1, but no sulfur was precipitated in both cases when culture was trans- 
ferred from flask 2, indicating that we are probably dealing with two different 
organisms. The existence of a third organism in the mixture also suggested 
itself, for reasons stated below. The cultures grown on the liquid were trans- 
ferred to agar media, back again to liquid media, etc., till the following cultures 
were obtained: 


A. Grew readily on solid and liquid media (1, 8, 9) and precipitated sulfur on these media. 
On the solid medium, the acid produced from the further oxidation of sulfur, acted upon the 
CaCO; (when present) producing a clear zone around the streak. This resembles, then, in 
biochemical characteristics the Beijerinck organism. 

B. Grew on solid and liquid media (1, 8, 9) not producing any precipitated sulfur. It 
produced, however, enough acid to dissolve the CaCO;, when present, and formed a clear 
zone around the streak on the plate. This would resemble the organism of Trautwein if 
not for the fact that our culture made the medium always acid, while Trautwein’s culture did 
not produce any acid but when the medium was slightly acid, it actually changed it to 
alkaline. 

C. Grew on the liquid and solid media (1, 8, 9) without producing any sulfur and any acid. 
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In the case of organisms A and B, the reaction of the liquid medium was 
changed from pH 9.2 to pH 6.2 and 5.8, respectively, while the sodium thio- 
sulfate all disappeared from the medium in a period of 20 days at 25°C. In 
the case of organism C, very little of the thiosulfate was oxidized. The pe- 
culiar behavior of these three cultures may be due merely to the fact that we 
had here mixtures of Th. thiooxidans and Th. thioparus or a related strain. 

A comparative study of the oxidation of sulfur by these organisms in the 
soil, under acid and alkaline conditions, will be made the subject of the follow- 


ing paper. 
SUMMARY 


A comparative review is presented of the various microdrganisms concerned 
in the oxidation of sulfur and of those organisms which are or may become 
active in the soil. 

The classification of sulfur bacteria into “true” and “untrue” or “thiosul- 
fate” (thionic acid) bacteria, as suggested by Omelianski is shown to be un- 
tenable. If a physiological basis is to be used for the classification of the 
sulfur bacteria, they should be grouped as sulfide, thiosulfate, and true sulfur 
bacteria. Another basis for physiological classification would be that of the 
optimum reaction for the activity of the organisms. They would then be 
divided into organisms having their optimum under acid and under alkaline 
or neutral conditions. However, the division into five groups, based on the 
physiological and morphological characteristics of the organisms is, for the 
present, the most suitable classification. 

The composition of various media used for the study of bacteria oxidizing 
sulfur under acid and alkaline conditions is given. 
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THE EFFECT OF LIMES CONTAINING MAGNESIUM AND CAL- 
CIUM UPON THE CHEMICAL COMPOSITION OF THE 
SOIL AND UPON PLANT BEHAVIOR! 


WILLIAM MATHER 
Rhode Island Agricultural Experiment Station? 


INTRODUCTION 


As is shown in the paper of Wheeler and Hartwell (22) and in the résumé 
of Lipman (10), there are several reasons for the repudiation of the lime and 
magnesia ratio theory of Loew, as it is generally understood. This hypothesis 
is constantly recurring because it deals with two substances which are of real 
interest to agricultural chemists. That calcium and magnesium to some de- 
gree and in certain forms and relations are antagonistic has been demonstrated 
by Loew (12) and others. The idea that they should exist in a special ratio 
in order that each plant thrive is rather exacting. The researches of Oster- 
hout (16), McCool (15), Gile (3), and True (20) are noteworthy as contribut- 
ing, in a general way, to this subject. From the work of these men it would 
seem that the relation between calcium and magnesium as affecting the plant 
is not a simple one, as supposed by Loew, but an interestingly complex relation 
which is becoming more thoroughly understood. 

The fact that there are large quantities of magnesic limestone in this country 
makes it important that there should be no unnecessary fears with regard to 
its use because of the magnesium it contains. It is well known that magnesic 
and even calcic limes when used in large excess are toxic under certain con- 
ditions. On this account it would seem advisable to determine whether mag- 
nesic and calcic limes are actually deleterious on different types of soil and 
in what quantities, in what form, for what plants, and under what conditions. 
A work so broad as this in short-time experiments can be only approximate 
and yield hardly more than indications that would be of use to the farmer. 
Long-time experiments are necessary. The analyses and other data presented 
in this paper are from plats laid out for experimentation of this nature and, 
representing the first decade, are necessarily preliminary in some respects. 


HISTORY OF THE EXPERIMENT 


The soil, a Miami silt loam, is derived from reworked glacial material laid 
down as a sediment from quiet water under uniform conditions. It is the 


1 Contribution 281 from the Agricultural Experiment Station of the Rhode Island State 
College, at Kingston. 
2 The agronomical account of this experiment by Dr. Burt L. Hartwell constitutes Bulletin 
186 of the Rhode Island Agricultural — Station. 
33 
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same as that of the permanent fertilizer experiments which are contiguous. 
The land was in sod from 1889 to 1892. From that time on until 1909, when 
this experiment was started, the area was uniformly planted to miscellaneous 
crops. Throughout these periods no manure or lime was added. In 1909 
the plats of ;°; acre were respectively treated with chemicals in the following 
forms: a high-calcium hydrated lime, a high-magnesium ground limestone, 
a high-calcium ground limestone, a high-magnesium hydrated lime. One 
plat serving as check received no lime. Because of difficulties in obtaining the 
high-magnesium hydrated lime, it was not applied until the next year, 1910. 
Two additional applications were made in 1914 and 1916, respectively. 

The amounts of plant nutrients with which the plats were dressed have been 
the same each year for all plats and have been deemed ample for the crop 
planted. Since 1917, every practical opportunity has been taken to include 
magnesium in the fertilizers and to reduce the proportion of calcium in them. 
This has led to the use of double superphosphate and low-grade sulfate of 
potash. The former has a smaller proportion of calcium to phosphoric acid 
than most forms of commercial phosphate and the latter contains magnesium. 
No farm manure has been added. 


A CONSIDERATION OF THE LIME MATERIALS APPLIED 


In table 1 are given data concerning the lime materials applied. The 
mechanical analyses of the 1909 samples are not available. It will be seen 
that the subdivision of the magnesic limestone is much greater than that of 
the calcic limestone. The calcic and magnesic hydrates possessed the usual 
pulverulent character of slaked limes. White (23), and later Hartwell and 
Damon (6), have done work which indicates that limestones on the soils under 
consideration by them are roughly proportional in their availability over a 
season or more to the percentage that will pass through an 80- or 100-mesh 
sieve. On this basis the magnesic limestone would be more active than the 
calcic limestone. 

The chemical and mechanical analyses correspond closely from year to 
year of application except for the calcic hydrate in the first year, which con- 
tained an abnormal quantity of magnesia. This correlation is to be expected, 
since in most cases they were obtained from the same source each time and 
the ground stone and analogous hydrated material are from the same quarry. 

The percentage of the limes equivalent to calcium oxide was obtained by 
titration, with methyl orange as an indicator. These data give an idea as 
to the relative neutralizing value of the limes and is important inasmuch as 
the limes have been applied in equal neutralizing equivalents. The relative 
neutralizing power determined on this basis is given in table 1. 

In table 2 is given the amount of the various limes soluble in a liter of water 
when agitated by bubbling through carbon-dioxide gas for the periods stated. 
Two-hundred cubic centimeters of distilled water and a 5-gm. sample were 
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used, titrations being made with methyl orange as the indicator and the re- 
sults calculated to the basis given. In absolute amounts the agreement is not 
close with the work of other investigators, who, however, used different con- 
ditions, or materials of divergent composition. Relatively they are the same 
in some cases. Maclntire (14), and also Hammett, in unpublished results of 
this station, found that the magnesic limestone is less soluble in carbonated 
water than the calcic limestone, which agrees with data presented. The reason 
for this is probably that there is a greater tendency on the part of the calcic 
limestone to form a soluble bicarbonate. However, the alkalinity of a dis- 
tilled water suspension of magnesic limestone is slightly greater than that of 


TABLE 1 


Data concerning the limes applied 


CALCIC MAGNESIC LCALCIC MAGNESIC 
HYDRATE LIMESTONE IMESTONE HYDRATE 
1909 
NO i) is bonne tundbnxens 61.7 32.4 54.9 45.4 
DR ii ecnaictnntiwiawsvninana 10.1 20.8 1 1.0 33.1 
Relative neutralizing power.............++4- 133 100 6000 160 
AMOUNt AGGERHIDS)S 6ccv.0: ciclo s eielee ew seteies 4511 6000 00 3750 
1914 
COON. i 1) ar ee ee ee 73.4 29.7 50.2 47.4 
DISD rer COB ies 6 sti ess wdslo esis tans diead nes 1.0 20.1 2.8 aig 
Relative neutralizing power.............+06. 133 107 100 165 
Through 100-mesh (per cent).............5. 100.0 85.0 61.0 100.0 
PANOUNE BORER UE) o6.5 eo ec.c sce ceees sees 2262* 2820 3000 1819 
1916 
CAO NBERICCIE A since sie eensine ieee eee! 65.7 20.5 50.4 42.9 
IO ASE CONEY isa. 5010 oss 0 o/0/0.s icin’ ass is wrest Sin 3.9 20.3 4.2 K 
Relative neutralizing power..............06- 145 100 103 168 
Through 100—mesh (per cent)..............- 100.0 87.0 57.0 100.0 
PCrTaTE cycle loc [1 (10) Dae 30967 | 4500 4348 2676 
pH of distilled water suspension*............ 8.5 8.3 


* Determined by Dr. P. S. Burgess. 
7 50 per cent extra to the south half. 
t Applied in 1910. 


calcic limestone, indicating that the former has a larger number of ere 
ions available to neutralize soil acidity under such conditions. 

From the results obtained, the conclusion seems warranted that the magnesic 
limestone, although it is more finely divided than the calcic limestone, becomes 
available more slowly. 

The magnesic hydrate is more soluble in carbonated water than the corre- 
sponding calcic hydrate. This would be expected if the magnesium hydroxide 
is converted into the carbonated form which, unlike the magnesic limestone, 
is quite soluble. The high alkalinity of these hydrate forms just before 
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carbonation processes take place would suggest application at a considerable 
time previous to planting. The solubilities of the hydrates, as shown in 
table 2, are in the same direction as those obtained by MacIntire, who used the 
pure oxides. 

It can be seen from table 1 that the magnesic limes contain relatively large 
amounts of calcium. Consequently the system of nomenclature adopted in 
this paper is purely arbitrary. 

TABLE 2 
Solubility of limes in carbonated water at room temperature _ 
Grams equivalent to CaO dissolved in 1 liter 


1914 1916 1916 1916 1916 
et ee 
hours gm, gm. gm. gm. gm. 
1 0.360 0.326 0.156 0.554 0.705 
2 0.378 0.323 0.158 1250 3.134 
4 0.373 0.180 
16 0.383 0.193 0.918 2.229 


REVIEW OF CROP RESULTS 


With the many varieties of crops grown no readily apparent differences have 
been observed beyond those already noticed in connection with acid- and limed- 
soil studies. No correlation has been brought out by the crop data accumulated 
that would show a decided superiority of one form of lime over another. This 
work tends to corroborate the work of Lipman and Blair (11), who find that 
magnesic limestones are par with calcic limestones, within the limits of their 
experiments. 

The lack of thrift in a few crops of late years accompanied by such signs as 
chlorosis has led to the conclusion that the liming has reached the limit of its 
beneficial effect on certain sensitive plants and has begun to be associated with 
a slightly toxic action. 

The crops grown just before and during the time of the analytical work of 
this paper, with the yields, are shown in table 3. 

TABLE 3 
Yield per acre of field crops grown during the time of the analytical work, 1919-1921 


TIMOTHY, REDTOP, ALSIKE AND 
EARLY MEDIUM RED CLOVER 
POTATOES 
(LARGE) 
1919 Hay Rowen Hay 
1920 1920 1921 
bushels tons tons tons 
IGRMS UTNE Sica, occ pauncwsecue kaos saeas 152 | 1.84 0.83 4.43 
RIE IP CUONS 5 io:5:5 5 <b 0,04 0,000 ane swicedic 14 1.88 0.75 4.27 
SURMRS MEMNADIC: Gysic ois.c. ecu 654 a6 wi'b 0 bese, 140 1.95 0.68 4.20 
PREC MGI SS os clo sinensis sue awhieeners 162 2Ag 0.86 4.24 
DBM eet esol Get die 136 1.39 0.79 3.20 
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EXPERIMENTAL METHODS 


As previously stated, the plant has failed to show any great differences be- 
tween the various treatments with soil amendments. Therefore, in order to 
obtain a more thorough knowledge of conditions, a chemical analysis of the soil 
was undertaken. 

The soil was sampled by means of a soil tube of 13-inch bore and to the depth 
of 10 inches in one instance and to 12 inches in all other samplings. The borings 
were evenly distributed over the plat, avoiding the edges. Twenty borings 
to each 3; acre plat have been found to represent that area fairly, so this 
number was taken except in the first set of samples (see table 4). The plats 
were divided into north and south halves in making borings. Although ana- 
lytical work was done in some cases on both halves, mostly the determina- 
tions from the north halves, which are more uniform, are given in this paper. 

The samples of soils from the field were air-dried in subdued light and after 
they were passed through a 20-mesh sieve the coarse material was discarded. 


TABLE 4 
A synopsis of samples taken 
NUMBER DATE DEPTH . Pe REMARKS 
PLAT 
inches 

ha August 13, 1919 10 12 | All plats, ground clear 

2 April 26, 1920 12 20 | All plats, ground clear 

3 August 30, 1920 12 20 | Magnesium hydrate, no lime, in stubble 
oa November 4, 1920 12 20 | All plats, in stubble 


*Taken by C. G. Bridge, formerly assistant chemist at the Rhode Island Agricultural 
Experiment Station. 


A sample in some cases was ground to pass a 100-mesh sieve for such determina- 
tions as total nitrogen and loss in weight on ignition. No decided advantages 
were observed to be gained by this extra subdivision. This is due to the fact 
that there are probably no inclusions of organic matter by the mineral sub- 
stances present in the soil, which are not reached by the concentrated acid, 
and to the fact that, if reasonable care is taken, probably an equally represen- 
tative sample of the coarser soil can be weighed out. 

The methods of the Association of Official Agricultural Chemists (1916) 
for soils were used in making the ordinary determinations. Special methods 
will be described with the discussion of data obtained thereby. ' 

The object in view in taking 12-inch samples was to get well below the sur- 
face soil, which averages about 7 inches. This method allows for future 
deepening of the soil by light plowing of the subsoil while keeping well within 
the limits of possible future sampling of the same surface weight for compara- 
tive determinations. Moreover, the roots of many plants extend as far down 
as this; and, in cases of plants like alfalfa, even beyond. It eliminates the 
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trouble of dealing with two samples, one of the surface soil, and one of the sub- 
soil. This increase of about 5 inchesin depth beyond the surface soil, however, 
results in a marked dilution of some of the constituents of the surface soil, 
such as nitrogen and organic matter. 


MISCELLANEOUS TESTS 


In all the samples of soils, the percentage by weight of the soil that would 
pass through a 20-mesh sieve after air-drying was determined, on an air- 
dry basis. The figures from this mechanical analysis showed a correlation by 
half plats in the three different complete sets of samples, indicating that the 
soil is fairly uniform and that the samples are thus far representative of the 
half plat. The percentage passing through a 20-mesh sieve averaged about 
94 per cent. The fine character of the Miami silt loam becomes apparent at 
once from these data. 

Freezing-point determinations were made on the soils sampled 12 inches deep 
in April, 1920, from the north halves of the plats. .No marked differences 
were observed between any of the plats under observation. The freezing- 
point depression, determined from 25 gm. of air-dried soil with 5 cc. of dis- 
tilled water, is about 0.081°C. 

Carbonates were determined in these soils and found to be present in negligi- 
ble quantity. Only a small amount of carbonates is to be expected, when it 
is considered that the chemicals were added over 3 years before the taking of 
the samples. 

In the spring of 1920, all the plats were seeded to a mixture of redtop, 
timothy, and alsike and red clovers. Late in the summer an attempt was 
made to estimate the relative composition of theflora. Inadvertently the 
species of clovers and to a lesser extent of the grasses were mixed. From 
the small amount of data collected, it seemed as if the plants germinated 
equally well on all plats but that their subsequent development differed. 
There was a tendency for the redtop to give its best growth on the acid plat, 
while the timothy did best on the limed areas. 

The work was repeated with greater care in the second year of the grasses, 
namely, 1921. Random samples from about fifteen places, well distributed 
over the plat, were taken. Each sample had an area of 16 square inches. The 
plants were dug up by the roots, so that they could be distinguished indi- 
vidually. Thetimothy was recognized by its basal bulb and the redtop by the 
absence of the same. The alsike and red clovers were known by the blossom 
or the characteristic leaf-markings. In case of the timothy and redtop, the 
number of fruited stalks also was noted. 

It seemed from the estimates as if the alsike clover and redtop predominated 
in numbers and total weight on the acid plat. The alsike clover was about 
equally developed on all the plats. In competition with timothy and redtop, 
alsike and red clover thrived about equally well on the limed areas in the 
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second year of growth. The redtop had more fruited stalks on the acid plat. 
The reverse was true of the timothy, which had more fruited stalks, greater 
numbers and a greater total weight, on the limed soils. 

All the limed plats were very much alike in general appearance. For 
this reason, and because they exhibited about the same reaction, only two of 
the limed plats were sampled. 

From the similarity in composition of flora on the limed plats and the marked 
difference on the acid soil, it would seem that the reaction of the soil is an 
important factor in a mixed herbage. 


TABLE 5 


Data concerning the plant population 


REDTOP ALSIKE CLOVER TIMOTHY RED CLOVER 


Plants per square yard 


GRIbte HMGStODGs 6055: 0:0.4.s saaae 618 (208)* 192 866 (501) 142 
Magnesic hydrate............... 826 (367) 173 1026 (659) 108 
ING HERO tnt awiwae es conte ees 982 (466) 319 349 (167) 35 


Per cent by numbers 


per cent per cent per cent per cent 
Calcio limestone jx. ican cishi cece 34 10 48 8 
» Magnesic hydrate............... 39 8 48 5 
IIB DIO. go 8 ass baa bof oss ts: a 5h 58 19 Zi 2 


Weight per square yardt 


gm. gm. gm. gm. 
Calcite lemestones. 025. 656k 116 167 643 137 
Magnesic hydrate «ois. ..k cece 157 167 686 108 
Nowimien) sscssacecacas vies obs 203 243 192 41 


Per cent by weight 


per cent per cent percent per cent 
KGAIGIC TIMESIOHE. 5... 5.5660 0's 0a 12 16 60 12 
Magnesic hydrate............... 14 15 61 10 
NG Heer 4 bal eeiwdld 29 37 28 6 


* Figures in parentheses are numbers of fruited stalks. 
+ On the basis of oven-dried material. 


The yields of hay and rowen are given in table 3 and the data concerning 
the plant population are tabulated in table 5. 

In the late summer of 1920, after the first cutting of the mixed grasses, 
there was a noticeably better growth of red clover on the acid plat as com- 
pared with the limed areas. This was surprising in view of the fact that it is 
generally believed that red clover thrives best on soils which are nearer the 
point of neutrality. This phenomenon was repeated in the second growth of 
1921. At that time there were more red clover plants on the acid soil than 
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on the limed areas. The individual plants from the acid soil, on an average, 
weighed more by about one-half when dried than those on the limed plats. 
At the first cutting of 1921, the red clover plants from all plats were of about the 
same weight, but the limed plats surpassed the unlimed area in point of 
numbers. 


THE LIME REQUIREMENT AND REACTION OF THE SOIL 


Lime-requirement determinations were made in the four sets of samples 
by the Hopkins method given in the Association of Official Agricultural 
Chemists Methods for 1916. For comparison the requirement was estimated 
by the Veitch method, see Hill (7), and the Howard method (8) on the 
samples taken April, 1920. Results giving the need for lime by the well- 
known Jones procedure were at hand for the year 1914, and represent the 
condition of the soil just before the second application of amendments. 

The Hopkins-method determinations indicate little difference in require- 
ment among the limed plats, but a marked deviation between limed and un- 
limed areas. As is well recognized, the need for lime given by this method is 
low. 

A much higher requirement is shown in case of the unlimed plat by the 
Veitch, Howard and Jones methods, which is more in accordance with the 
facts as they are known. White (24), using the Veitch method in a compre- 
hensive study, finds the average lime requirement of acid soils in Pennsylvania 
to be about 3000 pounds of calcium carbonate to the acre, which is lower than 
the need shown by the acid plat. The limed soils showed a neutral, slightly 
acid or alkaline test by the Veitch method. The results are listed in table 6. 
The hydrogen-ion concentration determinations on these soils are compatible 
with the other estimations of acidity. 

The Hopkins-method determinations show that there is a seasonal change 
in acidity on the limed plats which may be attributed to the crop or to the 
leaching by the heavy midsummer rainfall. The requirements after the crop 
of potatoes were quite high compared with those determined the following 
spring. The depths of the samples taken after potatoes differ from subsequent 
ones by 2 inches of subsoil, but it would hardly seem that this would give rise to 
the differences obtained. This acidity must be fixed in the air-dry soil be- 
cause the determinations were made simultaneously, after the taking of the 
samples. This observation, namely, seasonal fluctuation in reaction of the 
soil, was corroborated by determinations made on soils sampled August, 1920, 
where the magnesic-hydrate plat shows a summer increase in acidity. How- 
ard (9) finds a similar variation in the need for lime by soil of this type. 

In estimating 0.05N acetic acid solubles, the amount of acetic acid ab- 
sorbed or neutralized by the soil was noted. Twenty cubic centimeters of the 
acid were titrated before and after extraction of the soil, and the difference 
between these two figures in cubic centimeters of alkali (approximately 0.08 
N) is given in table 6. The relative reaction is exhibited and correlates with 
the determinations of lime requirement. 
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There are no large differences in acidity which can be assigned to the different 
kinds of lime. Evidently there is about the same amount of active base in 
these plats and any differences must be correlated with other factors than the 
final reaction. This is essentially the experience of Lipman and Blair (11), 
who, however, worked chiefly with the calcic and magnesic limestones. 


ALUMINUM EXTRACTABLE BY SOLVENTS 


Many acid soils give up soluble aluminum when treated: with potassium- 
nitrate solution. With this in mind, the soils under examination were ex- 
tracted with normal potassium-nitrate solution and other solvents to see 
whether there was any difference in soluble aluminum. The potassium- 
nitrate extract was obtained from the regular determinations of lime require- 
ment by the Hopkins method. With normal ammonium-chloride solution the 
same procedure was followed as that used in connection with potassium 
nitrate. 

In treating the soils with carbon dioxide, 50 gm. was used with 250 cc. of 
distilled water in a Kjeldahl flask and the system maintained saturated under 
a slight pressure (the acid-column of the Kipp generator) for about 5 days 
with intermittent shaking and agitation by driving carbondioxide gas through 
the muddy suspension. ‘The five soils were supplied with carbon-dioxide gas 
from the same generator. This is essentially the method proposed by Hart- 
well (4). 

Trials were made with acetic acid of varying strength to ascertain a con- 
centration which would be sensitive to differences in soluble aluminum in 
the soil. Twentieth-normal approached nearest to the requirements. The 
manipulation used in connection with this acid was as follows: 50 gm. of 
soil were shaken in an end-over-end shaking machine for 3 hours with 150 
cc. of approximately 0.05N acetic acid. 

Filtrations, in all cases, were made through filter paper and this process was 
repeated until a clear filtrate was secured. The silica in solution was found 
to be negligible in most instances. The aluminum and iron were precipitated 
with dilute ammonia water. The iron present was determined by titration 
against permanganate, and subtracted from the weight of ignited oxides, in 
case of the acetic-acid extractions; but this correction was not applied with the 
other methods of procedure, because the ashed precipitate seemed to be free 
from iron as indicated by color. At the most the iron extracted was only a 
small fraction of the aluminum oxide obtained. Tests were made for phos- 
phoric acid with the use of ammonium molybdate, but there was none present. 

The data enumerated in table 7 will be discussed bearing in mind the sol- 
vents and methods used. 

No weighable aluminum oxide was obtained from the limed soils with normal 
potassium-nitrate and normal ammonium-chloride solutions, nor with satu- 
rated carbon-dioxide water. A fair amount was secured from the acid plat 
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with these solvents. Where 0.05 acetic acid was employed a small quantity 
was brought into solution from the limed plats and a much larger amount 
from the unlimed soil. There seems to be little variation in the active alu- 
minum attributable to the different types of lime, as revealed by the acetic- 
acid digestion. 

This work differs from that of Spurway (19) who concludes from leaching 
experiments with distilled water that calcium carbonate tends to bring the 
aluminum into solution. Perhaps it might be said that applications of calcium 
carbonate had resulted in leaching out all the soluble aluminum present 
in the soil. The acetic-acid treatment, as carried out in this work of the 
writer, indicates that there is readily soluble aluminum at hand but it is evi- 
dently held in an insoluble form by the alkalinity of the soil and is brought into 
solution by the soil acidity. 

TABLE 7 
Aluminum oxide extracted by solvents from soil in north halves 
Parts per million of air-dry soil 


CALCIC CALCIC 
SOLVENT wy- | Thee | ume- | NEC | re | DATESAMPLED | DEPTH 
— STONE STONE DRATE 
p.p.m. | p.p.m. | p.p.m. | p.p.m. | p.p.m inches 
Normal potassium nitrate....] None | None | None | None} 91 | August, 1919) 10 
Normal potassium nitrate....] None | None | None | None | 82 | April, 1920} 12 


Normal potassium nitrate....| None | None | None | None | 82 | August, 1920} 12 
Normal potassium nitrate....| None | None | None | None | 92 | November, 1920) 12 
Normal ammonium chloride..| Trace} Trace | Trace} Trace} 79 | April, 1920) 12 
OOS. N acetic acid... ....0..% 120 | 110 | 150 | 100 | 440 | August, 1919) 10 
Carbonated water........... None | None | None | None | 47 | April, 1920} 12 


The evidence put forth shows that with these soils active aluminum is an 
indicator of sourness. Previous work has demonstrated (5) that aluminum 
is toxic to certain plants and therefore it is probable that it is one of the causes 
of the inability of the acid soils of this type to produce satisfactory yields of 
some crops. 


THE CALCIUM AND MAGNESIUM IN THE SOIL 


Efforts to ascertain what strength of solvent would bring out these elements 
in a ratio that might be correlated in some way with the crop response have 
been more or less futile. In this paper the work of Loew and his associates 
on this problem has received most attention (12). 

Five solvents were used in the present study, as follows: (a), normal ammo- 
nium-chloride solution; (b), the saturated carbon-dioxide water, other details 
of which are given under the heading, “Aluminum oxide extractable by sol- 
vents;” (c), the normal potassium-nitrate solution of the Hopkins method; 
(d), the 10 per cent hydrochloric acid recommended by Loew (12); (e), the hot, 
strong hydrochloric acid, as used in the Hilgard method. The calcium and 
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magnesium were determined gravimetrically by well recognized methods of 
procedure. The results of this work are given in table 8. 

In the carbon-dioxide water determinations a larger proportion of CaO 
than MgO was brought into solution. In the digestion where hot, strong acid 
was used nearly the reverse is true. This finding would indicate that the 
magnesium is present in a more difficultly soluble form than the calcium. 
Apparently there is an abundance of available calcium and magnesium for 
plant-food even on the sour soil, as shown by solubility in carbonated water. 
The attack of the cold 10 per cent acid recommended by Loew is about half 

TABLE 8 
Amounts of CaO and MgO extracted by solvents from the soil in the north halves from 12-inch 
samples taken April 26, 1920 
Parts per million of air-dry soil 


Bee eee eee | See | oom 
Carbonated water: a 

COLO. 8 a a ne Pee 478 357 503 368 172 

EO CSS a ee 64 207 77 212 80 

coe CE.) 6 er 7.5-1 1.7-1 6.5-1 1.7-1 2.2-1 
Normal ammonium chloride: 

CO OLIN TOS ae a aa 1207 “Naw Ree 796 209 

SU) CS Ss a a ae ge 71 262 57 281 31 

2 Sy 6. CS. i a 17 .0-1 “A, Ja: Hike PRG: 2.8-1 6.7-1 
Normal potassium nitrate* 

COC Aa ea ea 1280 860 1210 780 280 
Loew’s 10 per cent cold HCI: 

QU ROIONND: 25 coo wcn scan sbiescslhss tens 1350 1730 1420 400 

CBD 6 ie ise vceveves secs 860 1170 1010 1400 780 

PREM ROD NID 55 6 5% a9 0's eine Siw we: Gx 1.2-1 1.7-1 1.0-1 0.51-1 
Hilgard’s 25 per cent hot HCl: 

UL (oy 5 ee aoreee. 4100 2820 3600 3750 2810 

oT ON (SCS a eae 3450 3720 3200 4170 3250 

Ratio, CaQ-MgO.............25: 1.2-1 0.76-1 | 1.1-1 0.90-1 | 0.87-1 


*10-inch sample taken August, 1919. 


as vigorous as that of the hot concentrated acid, and in addition a slightly 
higher proportion of CaO to MgO is removed from the soil. 

It is noticeable that the normal potassium-nitrate and normal ammonium- 
chloride solutions approach the 10 per cent hydrochloric acid (about 3N) 
in their power to extract calcium. This would indicate that there is considera- 
ble change of bases, presumably a replacement of the calcium in the zeolitic 
minerals by potassium and ammonium ions. With the ammonium-chloride 
reagent the highest proportion of calcium to magnesium is obtained. This 
is contrary to ideas of some who think that the ammonium chloride might 
exert a selective action on the magnesium. The amount of magnesium dis- 
solved is about the same as that obtained by the carbon-dioxide treatment, 
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except on the acid plat, where it is much less, which would make one suspect 
that the ammonium chloride might be more sensitive to differences in mag- 
nesia availability. The presence of a smaller amount on the unlimed plat is 
in accordance with the work of Lyon (13) who finds that additions of calcium 
tend to make the magnesium more soluble, as shown by the leachings, and 
also agrees with the availability as estimated by the soybean (table 9). 

The acid plat compares closely in the ratio of soluble MgO to CaO with 
the soils receiving applications of magnesic limes. The conclusion seems 
justified that the magnesic limes represent more closely the combination of 
MgO and CaO which was present in the soil originally, and that the magnesic 
hydrate is converted into a form similar to that in which the magnesic lime- 
stone exists in the soil after application. 


THE PLANT AS A LIME-AND-MAGNESIA ANALYST. 


Up to this time, several crops had been sampled and analyzed for calcium and 
magnesium and the ratios of absorption calculated. The data are given in 
table 9. The yields of plants do not show any marked variation with changes 
in the ratio of CaO to MgO in the analyses of the dried substance. 

It appears that the legumes absorbed a higher ratio of calcium to magnesium 
than the endive, except on the soils given magnesic limes, where the ratios are 
about the same. 

On the unlimed soil and the plats given calcic limes the percentage of cal- 
cium oxide in the plant is usually high compared with the soils treated with 
magnesiclimes. On the other hand, the amount of magnesium oxide absorbed 
by the plants is highest on the soils receiving magnesic limes. From the fact 
that the yields are fairly uniform on all plats, it appears that the plants 
analyzed are able to accommodate themselves without injury within certain 
limits, to changes in the soil solution. Moreover, luxury consumption of an 
element when present in excess is not uncommon in the plant kingdom. 

Parker and Truog (17) come to the conclusion that there is a close relation 
between the nitrogen and calcium in plants but not between their contained 
magnesium and nitrogen. This relation is evident with the majority of plant 
analyses they considered. The analyses of the plants of this project do not 
corroborate this theory, where in case of the acid plat the percentage of calcium 
in the plants is about the same as for the lime-treated soils, but the percentage 
of nitrogen and magnesium is low in comparison with the limed areas. Inthe 
soybean, changes in the absorption of calcium are not paralleled by similar . 
fluctuations in the percentage of nitrogen. 

The solvent (referring to tables 7 and 8) that comes nearest to extracting 
from the soil magnesium and calcium oxides in the ratio in which they are 
contained by the plants analyzed is the saturated carbon-dioxide water. 
This solvent would be more appropriate than those more vigorous in their 
action which are used by Loew and his associates. 
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TABLE 9* 
Calcium and magnesium oxides in plant parts 
scrsene, | sacmsne | caters | mame | yy anus 
Soybean hay, 1913; Whole plat; Analyses on air-dry sample 
Acre yield of hay (tons)............ 3.76 3.82 3.94 4.06 2.66 
TO (oC. | ea eee 1.55 1.40 1.94 1.39 1.58 
Oe eC.) ne ne are 0.50 0.73 0.37 0.86 0.27 
Ratio, CaO=MaO is c.o/o. snisidie civic sais 3.1-1 1.9-1 5.2-1 1.6-1 5.8-1 
Nitrogen (per cent)............++- 2.84 3.02 2.98 3.04 2.42 
Soybeans for silage, 1914; North halves; Analyses on moisture-free hay; Acre yields are for 
whole plat 

Acre yield of silage (tons)........... 7.82 6.86 8.10 10.52 9.34 
CU (a Co 9 SR a ea ER 1.89 2.10 Sexy 1.59 2.39 
OE CS a 0.60 1.04 0.46 Lai 0.28 
Ba CONGO, 2. 5 vce cec cesses 3.2-1 2.0-1 5.5—1 1.3-1 8.5-1 
Nitrogen (per cent)...............: 3.49 3.67 3.68 2.96 2.29 
Removed per acre: 
CO a er ee 96 83 110 69 101 
OY Co a ee 30 41 20 52 12 
Nitrogen (pounds)..............0.: 176 145 161 128 96 


Endive, aerial portion, 1917; North half; Analyses on dried sample 


Acre yield, green (tons)............. 18.62 21.26 24.00 23.81 19.54 
SOD OEE ANIL). .52' oc. 0. ces woe ess 1.42 1.25 ior 1.29 1.48 
oO | a ne a a 0.65 0.86 0.52 1.14 0.52 
RG (OM... S554. oes ees 2.2-1 1.5-1 3.0-1 1.1-1 2.8-1 
Nitrogen (per cent)................. 2.41 25 2.08 2335 1.88 
Removed (per acre) 

OT OS eT 32 33 48 37 38 
BEND MEQPATIES) 05 = 20's 0's5..0.010 410 0 6.050015 15 23 16 33 13 
Nitrogen (pounds)............0.00: 55 58 64 68 49 


Winter beans, 1917; South half; Analyses on moisture-free leaves 


Acre yield of beans (bushels)...... 15 19 18 19 19 
NO TO EAD OE. i we Ss 4.89 HE OR ds tas 4.27 3.45 
BD {er OEAY) a5 55 sces Soke Sedieds OOS ince ctkatlnig. oosas 2.14 0.80 
BRIO, MOO. icc atnaesasaces RP Wl hc Sack oescn's spe 2.0-1 4.3-1 


* The majority of the analyses in table 9 were made by G. E. Merkle, formerly assistant 
chemist at the Rhode Island station. 


DETERMINATIONS RELATIVE TO NITROGEN AND ORGANIC MATTER. 


Most soils are heterogeneous in their nature. Waynick (21) and others 
have amply demonstrated this by statistical methods. Consequently a 
person in making determinations on soils, particularly of nitrogen, should not 
only realize but estimate his probable error, both of sampling in the field and 
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of analytical work in the laboratory. In this paper percentages are given 
to the thousandths place and this is further limited by the probable error. 
The formulas used are taken from Wood and Stratton (25)—probable error 


of any of a series of results, P. E. = +. 67 y S probable error of average 
n= 


of a series of determinations, P. E. = +. 67 1 = : 
n (n-1) 


The figures showing the determinations of nitrogen and organic matter are 
arranged in table 10. 

The first set of samples was taken in August, 1919, to the depth of 10 inches, 
after a crop of early potatoes. Estimations of total nitrogen were made by 
the Kjeldahl method for soils without modifications (1). The plats limed 
with calcic and magnesic hydrates have about the same percentage of nitro- 
gen when the probable error is taken into account. The sour soil ranks with 
the hydrates. The ground magnesic limestone and the corresponding calcic 
limestone have a slightly higher percentage, with any superiority in favor of 
the former. The probable error of sampling these soils was not determined, 
but subsequent work will show that with samples taken 2 inches deeper it is 
not very great. 

The second samples were taken to the depth of 12 inches in April, 1920, 
after a fall seeding of wheat which was winter-killed, and after the spring 
fertilizer (containing 20 pounds of nitrogen per acre) was applied. The 
2-inch increase has a marked diluting effect and the differences readily visible 
before are less prominent. There remains an indication that the magnesic 
limestone is superior in the percentage of total nitrogen, while the other treat- 
ments may be considered about alike. 

The last samples were obtained in the fall of 1920 after a crop of mixed 
grasses and were taken to the depth of 12 inches. On looking at table 10, it 
will be seen that there is a slight difference credited to the magnesic limestone 
while the other soil treatments leave the soils alike. The slightly lower per- 
centage of all analyses compared with those on soils taken in April may be 
partly explained by the compactness of the soil. The average weight of 
10 borings of the April samples to the same depth, dry soil, was 12.45 pounds 
as compared with 13.00 pounds for those taken in November. The November 
samples contained a slightly greater weight per boring and consequently more 
subsoil than the Aprilsamples. This dilution of the surface soil would slightly 
reduce the percentage of nitrogen. In addition, it may be partly attributed, 
to the taking of the November samples in the grass stubble. If considerable 
nitrogen is held in the root system, the reduction of the nitrogen percentage 
in the soil due to greater compactness would be accentuated. 


WILLIAM MATHER 


N 
w 


ral 026T “AON | 400°O F $210 | $00°0 F IZE'0 | 200°0 F 2210 | 200'0 F ZET'0 | COO FBZ Ol uadolzIU [210], 
rat 0z6t “3ny | 400°0 F 6210 | $00°0 + €2ZT'0 eo feo srresee ss UaBOIHU [BIOL 
rat 0z61 “1dy | $00'0 ¥ LET‘O | 400°0 F LZ1'0 | 400'0 F 6ET'0 | 100°0 F 9FT'0 | F000 F ZET OT "79° * UaBOI}TU [BIO], 
Or 6161 “Sny | 200°0 + FFI'0 | £00°0 F SFI‘ | 2000 F F9T'0 | S00'0 F 8810 | Z00'0 F OST'O | UaBOIZTU [RIO 
7’ e O¢°Z eee eeee poyjyeur OVOV ‘snuinyy 
rat 0261 “Ady 8e°Z eZ eL'Z LL2 9S°Z ae ae: poyjew Joy}ey ‘snunyy 
ZI 0261 “idy Ss 9*c 3°S Es P's Cosecere cee ses ;uCeTaTH-IO-G0'T 
OI 6161 “sny 3's ec 19 3°9 6's pina: #:0:¢'s.678 9:8 * NCR RaR ERT A OeGgOrT 
sayout quao sag 1439 sag qua 40g 1492 sag 4%a2 49g 
— aaIdKvs ALva TATION SLVAGAH OISANOVA ANOLSAAII OINIVO — ALVAGAH OIDTVO 


S4ISDQ 994f-24NISLOUL D UO SAAPDY 4 440% BY MLOAS 4OYDUL 24UD340 PUD UsSOspU 04 9aI4DI94 SUOTIDUIMLSIIO 


Ot ATAVL 


EFFECT OF LIMES ON COMPOSITION OF SOIL 353 


At the time of taking the April samples, duplicates were secured from both 
the north and the south halves of the magnesic limestone plat. A series of 
about 12 nitrogen determinations was made on each of these 4 samples. The 
percentages of nitrogen on a moisture-free basis with the probable error of the 
average are as follows: north half, 0.146+0.002; 0.149--0.002; south half, 
0.129+-0.002; 0.137+0.002. 

Humus determinations were made by the Rather method (18), which was 
found to be more accurate, and to consume less time, than the usual procedure 
where the soil is extracted with ammonia. The estimations of humus and 
loss on ignition show a slight superiority in content of organic matter in favor 
of the ground limestones as compared with the hydrates. The loss on igni- 
tion figures are accurate to tenths of one per cent. 

From a study of the soil nitrogen and organic matter nothing very extraor- 
dinary has been observed. It is a little too early, as yet, to state definitely 
that the magnesic limestone surpasses the other forms in nitrogen accumula- 
tion to any economic extent. No decided superiority of the calcic limes is 
apparent from the analyses under discussion. The findings here also agree 
with those of Ellett (2), who perceives no difference in the percentage of soil 
nitrogen outside his limit of error, over a series of years, between an unlimed 
soil and a soil treated with burnt lime. 


SUMMARY AND CONCLUSIONS 


1. In 11 years, 3 applications of hydrated magnesic and calcic limes and 
ground magnesic and calcic limestones, in carefully controlled field experi- 
ments, show little difference in crop yields due to the various forms. 

2. Hydrated limes and limestones, high in either calcium or magnesium, 
act about alike as neutralizers of soil acidity when applied in equivalent 
amounts, as determined by titration. 

3. Calcic and magnesic limes have rendered the aluminum of the soil rela- 
tively insoluble. Active aluminum was present on the acid plat. 

4, Applications of magnesic limes tend to maintain in these soils a ratio of 
calcium to magnesium similar to that of the unlimed soil. 

5. Plants were not influenced by the varying ratios of CaO to MgO, found in 
this experiment, but were sensitive to soil reaction. 

6. Magnesic limestone shows a slight tendency to increase the percentage 
of total nitrogen in these soils. 

7. Hydrated calcic and magnesic limes up to the present time have not 
caused any reduction in the percentage of nitrogen, but have resulted in a ° 
slight decrease in the percentage of organic matter in the soil. 


The author is indebted to Dr. Burt L. Hartwell for direction in conducting 
the problem and to Mr. P. H. Wessels and Dr. P. S. Burgess of the Rhode 
Island Agricultural Experiment Station for advice and suggestions. 
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INTRODUCTION 


“Phosphorus is the only element that must be purchased and returned to 
the most common soils of the United States. Phosphorus is the key to per- 
manent agriculture on these lands.” This statement of C. G. Hopkins (29) 
emphasizes the extreme importance of the phosphorus problem in modern 
agriculture; especially at the present time when the seriousness of the world 
food situation is making an urgent appeal to agriculturists to increase and to 
maintain permanently the fertility of all tillable soils. 

The acute shortage of transportation facilities has placed farmers, not 
conveniently situated near phosphate-producing centres, at a disadvantage 
with regard to procuring phosphorus at other than exorbitant prices. This 
has resulted in a world-wide prospecting for phosphate deposits and has caused 
considerable speculation as to the feasibility of utilizing iron and aluminum 
phosphates for agricultural purposes. 

In spite of the fact that a considerable amount of work had been done that 
demonstrates the value of aluminum and iron phosphates, the general belief 
is that they have little significance from an agricultural point of view. The 
fact that they are practically useless for acid phosphate manufacture, com- 
bined with their low solubility in citric acid and ammonium citrate solutions 
is probably the main cause for the popular conception of their agricultural 
value. 

There are also numerous statements by eminent scientists scattered through- 
out the literature in which aluminum and iron phosphates are referred to as 
being particularly unavailable as plant-food. The fleeting action of super- 


1 Thesis submitted in partial fulfillment of the requirements for the degree of Doctor of 
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Turk for help and advice during the progress of the later experiments and for reading the 
manuscript; and to Messrs. J. C. Anderson and W. Green for assistance rendered in the 
greenhouse in preparation and care of the pot cultures, 
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phosphates on soils rich in aluminum and iron oxides, for example, is ascribed 
to the conversion of this phosphate into aluminum and iron phosphates. 

It was the object of the experiments reported in this paper to determine the 
comparative values of various phosphates of aluminum, iron and calcium which 
occur in nature, and simultaneously to determine how they are affected by 
diverse collateral treatments. 


REVIEW OF LITERATURE 
Some fundamental considerations 


A fundamental fact, which has a very important bearing on the phosphate problem in 
soils was brought to light by the work of Schloesing and Kossovitsch. In 1899, Schloesing 
(67) demonstrated the fact that plants can obtain their phosphorus from very dilute solutions, 
solutions containing only 1 to 2 mgm. phosphoric anhydride per liter. This emphasizes 
the importance of naturally dissolved phosphates in the soil solution for plant nutrition. 
Kossovitsch (37) repeated these experiments, verified Schloesing’s results and showed simul- 
taneously that the relative feeding powers of plants do not rest solely on their ability to 
utilize the phosphorus occurring in dilute solutions. Flax, when compared with mustard 
and peas, has but feeble powers to utilize the phosphorus of tricalcium phosphate rock, but 
was shown to make good growth on a nutrient solution, which contained only 1.3 mgm. of 
phosphoric anhydride per liter. 

From the work of Schloesing one might at first conclude that the plant roots exert a solvent 
action on phosphates. Sachs (65) in 1860, demonstrated that plants roots were capable of 
corroding marble plates. In 1896, Czapek (13) conducted extensive investigations to deter- 
mine whether roots excrete or secrete acids, which might function in dissolving plant-food. 
Eventually he concluded that carbonic acid was the only acid given off in considerable quan- 
tity by live roots of plants. In 1902, Kossovitsch (37) demonstrated clearly that the plant 
roots themselves and not the nutrient solution were responsible for obtaining phosphorus 
from phosphorite. The following device was employed by him to determine this factor: 
Plants were grown in two sets of cylinders. In the one set, sand mixed with tricalcium phos- 
phate was used as a medium for the plants to grow in. Five liters of nutrient solution were 
passed daily through each cylinder. In the second set, pure sand was used as a medium for 
growth. Asin the above case, five liters of nutrient solution were added daily with the excep- 
tion that the nutrient solution was first made to pass through another cylinder containing a 
mixture of quartz sand and tricalcium phosphate and in which no plants were growing. If 
the nutrient solution acted as a solvent of the phosphate, the plants in the second set of 
cylinders should have made a fair growth. The plants grew well in the first set and made 
hardly any growth in the second, proving that if the nutrient solution exerted any solvent 
action on the tricalcium phosphate, its action was very slight and that the action of the roots 
themselves was a very much more important factor. In 1911, Prianishnikov (61) made the 
claim that iron and aluminum phosphates were gradually decomposed by water and that root 
excretions do not play the important réle in assimilation of these phosphates that has usually 
been ascribed to them. 


Varying ability of plants to assimilate phosphorus from insoluble phosphates 


In 1893, Balentine (3) working at the Maine Agricultural Experiment Station reported 
that Graminae were benefited more by acid phosphate than by redondite and rock phosphate, 
and that plants of the Cruciferae family were especially strong feeders on rock phosphate. 
Two years later, Merrill and Jordan (42) placed the four botanical families studied in the order 
given below as regards their foraging powers for insoluble phosphates. 
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1. Leguminosae as represented by peas and clover. 

2. Cruciferae as represented by turnips and ruta-bagas. 

3. Graminae as represented by barley and corn. 

4. Solanaceae as represented by tomatoes and potatoes. 

The insoluble phosphates employed in this investigation were Florida rock phosphate, iron 
phosphate, and aluminum phosphate. 

Kossovitsch at various times between 1898 and 1910 made mention in his writings concern- 
ing the feeding powers of different species of plants. In 1901 (36), he commented on the 
strong feeding powers of buckwheat and mustard when grown with phosphorite as a source 
of phosphorus. In a later publication (39) in which he summarized his work on the utiliza- 
tion of phosphorite by mustard, clover, oats, and flax, he placed these plants in the order in 
which they are here mentioned as regards their powers to utilize phosphorite. It should be 
observed that this order is somewhat similar to that put forth by Merrill and Jordan. Kosso- 
vitsch (38) also tried to correlate the feeding powers of plants with their ability to excrete 
carbonic acid, but the difference in the amounts excreted did not justify the drawing of any 
definite conclusions. 

Schreiber (68) experimented with eleven species of the Graminae, nine of the Leguminosae, 
three of the Cruciferae, and eleven miscellaneous plants. The Leguminosae, the Cruciferae, 
and buckwheat utilized mineral phosphates to a considerable extent, whereas the Graminae, 
flax, tobacco, carrots, asparagus, beets, and potatoes showed little solvent powers. 

Wheeler and Adams of Rhode Island (82, 83), Prianishnikov (56, 57), Bonomi (5), Ged- 
roits (23), Chirikov (Tschirikov) (11), Semushkin (69), and Sdéderbaum (72), are among 
other workers who have drawn attention to the individuality of plants with respect to the 
topic under discussion. In nearly all these cases, their results agree in a general way with 
those of Merrill and Jordan. The work of the above investigators will be considered later 
in connection with another phase of our problem. 

Emil Truog (76, 77) has propounded a theory to explain the individuality of plants with 
regard to their feeding powers. Plants with a high calcium content he stated, have a rela- 
tively high feeding power for the phosphorus in phosphorites. For plants with relatively 
low calcium content, the reverse is true. Clover, alfalfa, peas, buckwheat, and several of 
the Cruciferae have high calcium content and are, therefore, according to this theory, powerful 
feeders on insoluble phosphates. Corn, rye, oats, wheat, and millet fall in the opposite class. 
A calcium oxide content of less than 1 per cent may be considered low. In another publica- 
tion (78), Truog claimed that high internal acidity of roots is accompanied by high feeding 
powers for calcium. Logically then, plants with roots of high internal acidity are capable 
of utilizing insoluble phosphates with greater success than plants with roots of relatively lower 
internal acidity. It is clear that the individuality of the plants is a large factor when the 
availability of phosphates is being considered. 


Effect of soil on availability of insoluble phosphates 


In studying this question three characteristics of soil have been considered by workers: 
1. Mechanical composition. 
2. Amount of organic matter in soil. 
3. Reaction of the soil. 

It is generally held (41) that it is preferable to use bone meal and basic slag on warm sandy 
soils. Soluble phosphates are put to better use on heavier clay soils. Wheeler and Adams 
(83) claimed that the addition of three-fourths to one ton of limestone per acre removes the 
drawback of using soluble phosphates on light sandy soils. On peat and muck soils, the 
first applications of soluble phosphates are ineffective, due to their entering into colloidal 
combinations, but after these demands have been met, their effects are noticeable. Con- 
cerning the reaction, predominant opinion asserts that soluble phosphates are employed with 
the greatest success on calcareous soils (14, 27, 49). Hilgard (27) in his celebrated work, 
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“Soils,” made the following statement, “. . . . in the presence of high lime per- 
centages, relatively low percentages of phosphoric acid and potash may nevertheless prove 
adequate; while the same or even higher amounts, in the absence of satisfactory lime per- 
centages, prove insufficient for good production.” Paturel (49), Deherain (14) and others 
claimed that unless sufficient lime be present, the phosphoric acid is fixed by aluminum and 
iron oxides into unavailable combinations. On the other hand, this view appears contra- 
dictory to the observations of Schloesing, fils, regarding the solubility of phosphoric acid in 
the presence of carbonate of lime (66), but natural conditions seem fully to justify Hilgard’s 
conclusions. Numerous investigators found aluminum phosphates to be very beneficial to 
plant growth provided they were employed on soils well supplied with lime. Results in Mary- 
land (50), France (1), and Rhode Island (82, 83) all show that favorable results with alumi- 
num phosphate have always been obtained when the phosphate is used in connection with 
lime or on soils naturally calcareous. When tricalcium phosphate is employed, the best 
immediate results seem to be obtained on soils not saturated with bases (24) or on soils well 
supplied with organic matter (28, 82). 


Effect of nitrogen compounds on availability of insoluble phosphates 


Prianishnikov and a large number of other Russian workers have studied very carefully 
the effect of various nitrogen compounds on the availability of insoluble phosphates. All 
the results agree in general that ammonium sulfate enhances the availability of insoluble 
phosphates and that ammonium nitrate likewise increases the availability, but to a lesser 
extent. Sodium nitrate either has no effect or depresses the availability. Calcium nitrate 
is similar in its effect to sodium nitrate, but less marked. These results are due to inher- 
ent properties of the salts themselves and not to their conversion into other compounds, for 
example the formation of nitric acid as the result of nitrification of ammonium salts. Kosso- 
vitsch (36) was responsible for the classic work in regard to the effect of ammonium salts. 
In experiments in which the possibility of nitrification being a factor was carefully prevented, 
he confirmed in all instances the deductions of Prianishnikov. Wheeler and Adams (83) 
commenting upon Warington’s work (81) seem to be of the opinion that with aluminum 
phosphates results would have been established which would be the reverse of those given 
above. The fact that nitrification materially affects the availability of insoluble phosphates 
has been definitely established by the investigations of Hopkins and Whiting (30). Séder- 
baum (72) checked up Prianishnikov’s deductions. He believed that the physiological reac- 
tion of the accompanying nitrogenous fertilizer plays an important part, but claimed that other 
factors, such as kind of plant, soil and other collateral treatments used, may lessen or even 
reverse the influence of this factor. This point is well brought out by Chirikov (10) who found 
that when calcium nitrate replaced ammonium sulfate in his buckwheat cultures, the yields 
were not reduced, but increased. Nedokuchaev (46) working with different crops, oats and 
flax, reported that yields were lower where calcium nitrate was used in lieu of ammonium 
sulfate. On the whole Prianishnikov’s deductions seem to be accurate, but we should bear 
in mind that no hard and fast rule can be laid down. In work on the availability of phos- 
fates, the accompanying nitrogenous fertilizer is a factor that must be remembered, espe- 
cially when we attempt to make generalizations from our results. 


Effect of lime on availability of insoluble phosphates 


When the effect on the availability of insoluble phosphates was considered, the influence 
of lime came up for discussion since the reaction of the soil and lime content of the soil are 
closely interrelated. Some further opinions on the effect of lime follows. . Prianishnikov 
(61) divided the phosphates into two groups; the one, including tricalcium phosphate, bone 
meal, and phosphorite, consists of those of which the assimilation is markedly reduced by the 
lime; the other, including acid phosphate (mono- and di-calcium phosphates), Thomas slag, 
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mono-potassium phosphate, iron phosphate, and aluminum phosphate, consists of those 
unaffected by the addition of lime or even benefited by it. The studies were made in sand 
cultures. The crops employed were barley, peas, oats, wheat, and buckwheat. In all cases, 
however, where ammonium nitrogen was substituted for nitrate nitrogen, liming was bene- 
ficial. Shulov (71) in studies similar to those of Prianishnikov, determined that the assimil- 
ability of pure ferrous phosphate and vivianite was unaffected by lime; that of tricalcium 
phosphate, in the forms of bone meal and phosphorite, was adversely affected; and that of 
superphosphate, precipitated phosphate and Thomas slag was only slightly reduced. Gaither 
(21) explained the lack of harmful effects of lime upon the availability of soil phosphates as 
due to its action in replacing iron and aluminum in combination with phosphorus and so 
rendering the phosphates more soluble. Gaither used 0.2 N nitric acid as a solvent for 
determining available phosphorus. Wheeler and Adams (84) pointed out that, in the phos- 
phate experiments at Rhode Island, iron and aluminum phosphates were more efficient than 
floats on limed land. This agrees with the findings of Prianishnikov. 


Effect of various solvents on the availability of insoluble phosphates 


It is beyond the scope of this work to enter into the controversy as to which solvents of 
phosphates can be used for determining their availability to plants. Some literature which 
has a bearing on this work is quoted. Risler (64) claimed that carbonic acid has much less 
solvent action on aluminum and iron phosphates than on calcium phosphates. Wagner 
(80) and later Storer (73) claimed that alkalies, such as sodium carbonate, ammonium carbo- 
nate, etc., can dissolve phosphates of iron and aluminum. Cameron and Bell (9) claimed 
to have proved that soil phosphates are decomposed or hydrolyzed by water with formation- 
of other phosphates containing relatively more of the base. Zecchini (85) reported that alu 
minum and iron phosphates are very insoluble except in alkaline solution. Gedroits (22) 
worked on solubility of phosphates in 2 per cent acetic and citric acids. The relative solu- 
bilities in acetic acid were tricalcium phosphate, aluminum phosphate, ferric phosphate, in 
the order named; in citric acid dicalcium phosphate and aluminum phosphate were equally 
soluble, ferric phosphate less soluble. In growing plants in sand culture with these phos- 
phates, the aluminum phosphate pots gave the highest yield, tricalcium phosphate was second, 
and iron phosphate pots a close third. Truog (75) questions the whole idea of employing 
chemical solvents as a means for determining the availability of different phosphates, basing 
his deductions on favorable results obtained with phosphates of aluminum and iron, which 
are, as a general rule, less soluble than calcium phosphate in such solvents. Elliot and Hill 
(16) had before this arrived at the same conclusions. Fraps (19), on the other hand, pro- 
posed 0.2 N nitric acid as the solvent to indicate the available supply of phosphorus in the 
soil, He asserted that in pot experiments, the phosphoric acid removed by the crops is closely 
related to the quantity of “active” phosphoric acid. ‘‘Active” phosphoric acid is defined as 
that amount which dissolves in 0.2 N nitric acid. 

Several workers have indicated the value of dehydrating aluminum phosphate to render 
it more valuable as a fertilizer. The investigators at the Rhode Island Agricultural Experi- 
ment Station have always included roasted redondite in their comparative phosphate tests 
and have drawn attention to the value of dehydration. Morse (44) found that roasting 
increased the solubility of aluminum phosphate in neutral ammonium citrate, but pot and 
field tests failed to verify the laboratory indications of availability. Pilon et al (54) described ° 
a method for roasting double phosphates of iron and aluminum in order to render the com- 
bined phosphoric acid soluble in ammonium citrate. Fraps (20) pointed out that ignition 
increases the solubility of wavellite, dufrenite, and variscite in0.2 N nitric acid about ten 
times and makes them almost completely soluble in 12 per cent hydrochloric acid. 
Peterson (51) conducted similar investigations and showed that heating wavellite for five hours 
at 200°C. increased the solubility of the phosphoric acid 4 to 50 per cent and heating to 
240°C. increased the solubility to 100 percent. Dufrenite, when heated at 200°C., was but 
slightly increased in solubility. 
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Views concerning the comparative availability of phosphates of aluminum, iron and 
calcium 


Below we have simply an enumeration of claims and counter-claims as to the comparative 
values of aluminum, iron and calcium phosphates. Many of the statements decrying the 
value of aluminum and iron phosphates were based not on experimental work planned to test 
this particular point, but were the outcome of efforts to explain puzzling irregularities in the 
behavior of superphosphates and acid phosphates. Very many workers, too, reported on 
the topic under discussion as a side issue of a large problem and very often such work failed 
to effect a fair comparison because the individual phosphates probably display their opti- 
mum availability under unlike conditions. 

Merrill (43) reported that in most cases crude Florida rock phosphate outyielded Redonda 
phosphate. Paturel (49) advised that lime be applied to soils high in oxides of aluminum to 
prevent the fixation of phosphorus by them. Morse (44), as has already been pointed out, 
studied the solubility of aluminum phosphates and the effect of dehydration of them and 
showed that, while the solubility in neutral ammonium citrate was greatly increased, field 
tests failed to demonstrate a resulting increase in availability. Hilgard (27), as quoted ina 
former paragraph, stated that in the presence of high lime percentages, relatively low per- 
centages of phosphoric acid and potash may nevertheless prove adequate. This seems to 
indicate that Hilgard preferred calcium and magnesium as carriers of the phosphate in the 
soil to other bases. : 

Deherain mentioned an experiment in France in which the action of superphosphates was 
very fleeting, due, supposedly, to the phosphoric acid passing into combination with iron 
and aluminum and so rendering the phosphate incapable of use as plant-food. Wheeler and 
Adams (83) predicted that soluble phosphates were not likely to have as good after effects on 
unlimed soil rich in iron and aluminum oxides as would bone meal and basic slag for the 
reason that the phosphoric acid would be fixed as aluminum and iron phosphates, in which 
forms plants cannot secure it readily. Gaither (21) study'ng the effect of lime on the solu- 
bility of soil constituents declared that lime renders the insoluble phosphates in the soil 
soluble by replacing iron and aluminum, which are in combination with phosphorus. 

Pfeiffer and Blanck (53) analyzed the effect of alumina and silicic acid gels on the assimila- 
tion of phosphoric acid by plants and obtained results which showed that both gels reduced 
yields of plants as well as their phosphoric acid content. The experiment was conducted 
with sand fertilized with 3 gm. of basic potassium phosphate and soil extract. 

Bishop (4) worked with soybeans in pot cultures and concluded that soluble phosphates 
were not more desirable than Florida soft rock, iron and aluminum phosphates. Balentine 
(3) and later Merrill and Jordan (42), all of the Maine Agricultural Experiment Station 
working with sand cultures, found that acid phosphate gave the best returns in all cases and 
especially with the Graminae. Redondite, a phosphate or iron and aluminum, gave better 
results with Graminae than rock phosphate, but in all other cases the reverse was true. In 
the second report when these investigators worked with a larger variety of plants, they stated 
that acid phosphate was best, but the insoluble forms were utilized to a considerable extent 
and that Florida rock phosphate, on the whole, was better than iron and aluminum phos- 
phates, except for barley, corn, turnips, and potato tubers. The plants used in the investiga- 
tion were peas, clover, turnips, ruta-bagas, barley, corn, tomatoes, and potatoes. Andouard 
(1) worked with a calcareous soil and deduced that aluminum phosphate was readily available 
to plants. Burkett (7) obtained very favorable results with raw and roasted redondite. 
Gedroits (22), in pot culture with soil, declared that aluminum phosphate gave better yields 
than calcium phosphate and the latter better yields than iron phosphate. Director Pat- 
terson (50) of the Maryland Agricultural Experiment Station, made the following state- 
ment: ‘The iron and alumina phosphates proved in all cases to be valuable sources of phos- 
phoric acid, and it would seem that they deserve a higher rank as a fertilizer than that usually 
accorded them.” 
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Nagaoka (45) employed phosphates on rice fields exhausted by continuous cropping. All 
the phosphates gave large increases in yield. Table 1 gives the relative yields, double super- 
phosphates being taken as 100. 

Bonomi (5), in comparing aluminum phosphate with mineral phosphate, superphosphate, 
and Thomas slag, reported that aluminum phosphate gave large increases in yield with both 
clover and wheat, but that superphosphate was always superior to it; spring wheat yields with 
aluminum phosphate was smaller than those with Thomas slag, but with clover the reverse 
was true. Elliot and Hill (16) showed that from weights of crops produced in pot experi- 
ments, iron and aluminum do not fix phosphoric acid in forms unavailable to plants; as a 
matter of fact, they claim that iron and aluminum phosphates produce more plant growth 
than the calcium compounds do. For this reason, they denounced the solvents used by 
chemists for determining the reversion of phosphates as useless for the purpose. 


TABLE 1 
Relative yields of rice as influenced by various phosphates (from Nagaoka) 


FIRST | SECOND | THIRD | FOURTH; AVER- 

YEAR YEAR YEAR YEAR AGE 
1. Double: super PHOSsPhate os.6.6:0:0:66.0:4.0.06 0 sissies eins 100 | 100 |; 100 | 100 | 100 
Pe RMVOTTIG FIAOUINDEE os. 500 6,59 0.59. 5:9, 91 5 Hiaie Wrarwiarorew skola 140 | 141 | 399 58 | 185 
SAPO GUS PUOSBDALEs: ah5)e:605is s.5 8105s 4.59 bo a veal’ dowels 87 88 | 194 44 | 103 
4; Aldaamum BhOSPHAE <6. 6.00 oo osc kee a seids eevee 92 | 145 | 514 | 103 | 216 
3: RC RIGItNA PINE Soo 6.5 55 5 5.c'bas.o 5:4 eee Weierarees 117 | 110 | 162 | 118°) 127 


Shulov (71) worked with vivianite—a ferrous phosphate—a pure ferrous phosphate, alumi- 
num phosphates, tricalcium phosphate, and superphosphates in sand cultures. In all cases, 
the iron and aluminum phosphates proved highly efficient as fertilizer and increasing amounts 
of lime up to 1 per cent produced very little depressing effect on their action. Baguley (2) 
compared normal orthophosphates of calcium, iron and aluminum on oats, peas, and Swedish 
turnips grown on artificial soil of sand and chalk. As a general rule, iron and aluminum 
phosphates proved more efficient than calcium phosphates. Peterson and Truog (52), in pot 
cultural work, demonstrated that freshly precipitated and dried ferric phosphate served as a 
better source of phosphorus for oats than did rock phosphate, while for rape, the results were 
exactly the reverse. Truog (75) later made the following statement: ‘‘Contrary to the 
general belief that aluminum and iron phosphates are relatively unavailable to plants, nine 
out of ten plants tested made better growth on aluminum phosphate than on calcium phos- 
phate, and six better growth on ferric phosphate.” 


EXPERIMENTAL 


These experiments were planned to determine whether or not it is desir- 
able to employ mineral phosphates of aluminum and iron as sources of phos- 
phorus. Studies were made comparing their value as sources of phosphorus 
with that of calcium phosphate in various forms both natural and artifi- 
cial. Simultaneously efforts were made to determine what conditions would 
cause these phosphates to be of the greatest value for crop growth. 


Description of materials used 


The aluminum phosphates employed were lazulite from near Death Valley, 
Inyo county, California, wavellite from Cumberland county, Pennsylvania 
and Saldanha phosphate from the Cape Province in South Africa; the iron 
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phosphates were dufrenite from near Vesuvius, Rockbridge county, Virginia; 
and vivianite from Leadville, Colorado; the calcium phosphates were Florida 
rock and Laingsburg phosphate from the Cape Province, South Africa. Some 
of the wavellite was obtained from Montgomery county, Arkansas. Besides 
these phosphates there were also used bonemeal and acid phosphate. In 
the sand cultures disodium hydrogen phosphate in solution replaced the acid 
phosphate. Table 2 gives the analyses of the various phosphates. 


TABLE 2 
Composition of phosphates employed in experiments 

KIND OF PHOSPHATE PHOSPHORUS} ALUMINUM TRON CALCIUM 

per cent per cent per cent per cent 

SO Se eer eee eee eRe ETE ern tere 13:72 16.20 5.04 0.97 
WEIR ack: Si bcauck seee me cssee sb aku ene Seas 10.04 17.40 2.48 0.23 
oS NTS TERETOC ESTE ETE TEE CET TIE 9.14 16.30 1.61 1.06 
DONT a ss nied oo sas ons Beiow cde 12.07 1.60 40.20 0.11 
RE en oct Sk co bw a Sebo swine we ane 9.11 1.20 22.40 0.10 
ce Le Se a an a a 14.70 © 4.17 1.53 26.40 
A et ea eA ee 14.01 2.92 2.59 31.90 
EE See eee eT Se aa ee ee ee 12.52 0.00 Trace 27.10 
PRM RRR eke aGhiieakuwasucckeencwcune 7.01 0.81 0.40 14.70 


All the aluminum phosphates are basic phosphates, i.e., they have aluminum 
hydrate associated with the phosphate and all of the phosphates are more or 
less hydrated. Lazulite has the additional property of being completely 
insoluble in acids. Hot aqua regia acting on lazulite for an hour fails to dis- 
solve more than a trace of phosphoric acid. Wavellite and Saldanha phos- 


TABLE 3 


Essential plant-food elements per acre of 2,000,000 pounds of water-free soil or approximately 
the surface layer of 63 inches over one acre 


PLANT FOOD ELEMENTS BROWN SILT LOAM YELLOW SILT LOAM 
lbs. lbs, 
a een Seer Ne te 1,096 706 
PNR Kea eeapassanawespebeoseene se 32,240 29,180 
Pee ck ol he eicc esas cet l dad ehatie cares 4,287 1,942 
Limestone requirement by Hopkins’ method in pounds 
BUSA EE RUNG wks oun das ensayo dwell dos ens gurcepey 400 2,949 


phates dissolve readily in acids. Infrenite is a basic ferric phosphate con- 
taining a trace of magnesium. The formula usually ascribed to it by geologists 
is, FePO,-Fe(OH);. Vivianite crystallizes in the monoclinic form and is a 
hydrated ferrous phosphate with the formula Fe;(PO;)2-8H,O. The Florida 
hard rock is rather high in aluminum as compared to the usual run of phosphate 
from this source. The Lainsburg phosphate contains quite an appreciable 
quantity of calcium carbonate. 
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The pot cultures were conducted in 1-gallon glazed earthen-ware pots 
drained by a hole in the bottom of the pot and capable of holding 10 pounds 
of soil. In most of the soil cultures a light phase of brown silt loam from the 
University Farm at Urbana, Illinois, was used. As far as is known the soil 
had never been cultivated and had never received soil treatment of any kind. 
The soil is known to respond readily to applications of phosphorus. In later 
experiments a yellow silt loam soil was introduced. ‘This soil came from near 
Vienna, in Johnson county, Illinois. 

In all soil cultures 10 pounds of soil were used per pot and in the sand cultures 
12 pounds of sand. 


Experiment 1 


This experiment was planned to test the comparative effects of the phos- 
phates on crops and the effect of lime and gyspum on their availability. 

The experiment was begun in the spring of 1920. Brown silt loam was used 
and treated as described in table 4. 

The pots were planted to buckwheat and annual white sweet clover. All 
the buckwheat pots were numbered as in table 4; the sweet clover pots were 
given the same numbers as the buckwheat pots but had “x” prefixed to the 
number. Each treatment was carried out in duplicate. The planting oc- 
curred on February 6, 1920. The sweet clover seed was inoculated. Twenty 
buckwheat seeds and thirty sweet clover seeds were planted ineach pot. After 
the seeds were up the plants were gradually thinned so that at the end of 4 
weeks only the seven strongest buckwheat plants were left in each pot and the 
ten strongest sweet clover plants in each of the sweet clover pots. 

Much cloudy weather was experienced and this combined with the short 
days made growing conditions in the greenhouse unsatisfactory. It was 
noticed that the buckwheat especially was looking decidedly poor. In order 
to insure the elimination of all factors tending toward depression of growth it 
was thought advisable to start a new series of cultures in which the buckwheat 
would receive an application of 1.84 gm. of calcium nitrate, the equivalent of 
100 pounds of nitrogen to the acre. In all other respects the same plan of 
treatment was followed, also: 


Series 600 corresponded exactly with series 100 
Series 700 corresponded exactly with series 200 
Series 800 corresponded exactly with series 300 
Series 900 corresponded exactly with series 400 
Series 1000 corresponded exactly with series 500 


In addition, eight control pots were planted to determine the effect of 
limestone gypsum and calcium nitrate. The treatment applied to these pots 
and the yields obtained are shown in table 5. 

The planting of this series began on February 22, and was completed 
on February 24. 
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From the third week in February to the end of March good growing weather 
prevailed. All the plants made good growth. On the following dates the 
plants were sprayed with nicotine sulfate to kill thrips with which they had 
become infested: March 7 and 8, April 2,18 and 19. The spraying on March 
7 was done in cloudy weather. The weather, however, suddenly cleared up 
with the result that some of the plants were injured. ‘“Scald” spots developed 
on the buckwheat. The 600 series suffered most. On all other occasions 
spraying was done in the evening. The crops were harvested May 1, pre- 
served in cheesecloth bags until air-dry and weighed. 

TABLE 5 


Yields of buckwheat on brown silt loam showing the effect of calcium nitrate limestone and 
gypsum applied singly and in all possible combinations 


NUMBER or a YIELD OF CROP —- 
First pot | Second pot | Average = 
gm gm gm. per cent 
1101 Calcium nitrate 10.9 | ef 11.3 28.4 
1102 Calcium nitrate, L 11.4 9.9 10.65 22.1 
1103 Calcium nitrate, G 11.8 12.0 11.9 33.3 
1104 Calcium nitrate, G, L 10.0 10.0 10.0 13.7 
1105 L 8.9 8.9 8.9 : | 
1106 G 9.1 8.8 8.95 1.7 
1107 G,L 9.4 8.4 8.9 1.1 
Check None 8.7 8.9 8.8 


DISCUSSION AND RESULTS OF EXPERIMENT 1 


The relative increase in yield over checks are significant in all cases except 
perhaps for lazulite and dufrenite. The yields and increases in yields are 
recorded in tables 4, 5, and 6. 

In table 6 the percentage increase over checks was calculated with pot 1101 
as the check. From table 5, the effect of limestone, gypsum and calcium 
nitrate may be determined. Limestone and gypsum had no apparent effect 
when applied either alone or in combination. Series 100 to 500 inclusive 
show that on buckwheat, bonemeal and acid phosphate gave the best results. 
Large increases in yield were obtained with the mineral phosphates of calcium 
on the unlimed pots and with wavellite and Saldanha on the limed pots. 
Vivianite gave substantial increases in yield in both the limed and unlimed soil. 
The yields with Florida phosphate and Laingsburg phosphate on the limed 
pots showed that the crops were benefited considerably by the addition of the 
phosphorus. On the unlimed pots small, but probably significant, increases 
in yield were obtanied where wavellite and Saldanha phosphates were used. 
Dufrenite and lazulite had little or no effect on the growth of the buckwheat. 

From series 600 to 1000, inclusive, the value of calcium nitrate when used in 
conjunction with the phosphate minerals can be determined. Table 6 shows 
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Yields of buckwheat grown on brown silt loam treated with various phosphates together with 


calcium nitrate 


NUMBER OF * ee INCREASE OVER 
POT cca No. 1101 
First pot | Second pot| Average 
gm. gm. gm. per cent 
601A Laz. 14.0 13.7 13.85 22.6 
602A Laz., L 16.2 16.1 16.15 42.9 
603A Laz., G 12.8 13.4 13.10 15.9 
604A Laz., G,L 15.4 16.2 15.80 39.8 
601B Wav. 16.8 16.4 16.60 46.9 
602B Wav., L 20.3 21.4 20.85 84.5 
603B Wav., G 15.9 15.7 15.80 39.8 
604B Wav., G, L 19.4 19.0 19.20 69.9 
601C Sal. 16.1 16.6 16.35 44.7 
602C Sal, 19.5 19.2 19.35 hd 
603C sa,  G 16.2 15.3 15.75 39.4 
604C Sal, GL 19.6 18.1 18.85 66.8 
701A Duf. 15.4 14.9 £5.45 34,1 
702A Duf., L 16.5 15.2 15.85 40.3 
703A Duf., G 15.8 15.4 15.60 38.1 
704A Duf., G,L 14.3 14.0 14.15 25.2 
701B Viv. 18.6 18.5 18.55 64.1 
702B Viv. L 17.4 18.0 17.70 56.7 
703B Viv., G 17.6 17.9 17.05 Stat 
704B Viv., G,L 20.2 20.2 20.20 78.7 
801A FL. R. 18.0 20.4 19.20 69.6 
802A FL R., L 18.1 17.9 18.00 59.3 
803A FI.R., G 19.3 20.6 19.95 76.6 
804A FI. R., G,L 18.0 17.7 17.85 57.9 
801B Legg. 20.2 20.9 20.55 81.8 
802B Leg, L 15.6 16.3 15.95 41.1 
803B Lgeg., G 21.2 19.9 20.55 81.8 
804B Lgg., G,L 17.0 16.6 16.80 48.7 
901 Bone 20.8 19.7 20.25 79.2 
902 Bone, L 16.1 LA 16.60 46.9 
903 Bone, G 18.9 17.9 18.40 62.8 
904 Bone, G,L 15.8 16.3 16.05 42.0 
1001 Ac. P. 18.8 20.1 19.45 72.1 
1002 Ac. P.,. L 19.0 18.7 18.85 66.8 
1003 Ac. P., G 17:9 19.6 18.75 65.9 
1004 Ac..P., GL 19.4 19.4 19.40 Up a 


*These treatments were identically the same as those given in table 4. 
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that it enhanced the value of all the phosphates except bonemeal and acid 
phosphate. Even lazulite and dufrenite in this experiment have benefited 
the buckwheat considerably. The increases in yield here show that wavellite 
and Saldanha phosphate on limed soil are on a par with the calcium phos- 
phate minerals on unlimed soil and as good as bonemeal, acid phosphate and 
vivianite. 

With sweet clover different results were obtained. Lazulite and dufrenite 
again showed no effect. Vivianite gave small but significant increases in 
yield. On unlimed soil Saldanha phosphate had no effect on crop growth 
but on the limed soil substantial increases in growth were evident. The best 
results were obtained with the calcium phosphates. Little difference could 
be discerned between these phosphates. 

It is noticeable that with the aluminum phosphate consistent gains in yield 
were made by the addition of lime; with the iron phosphate no effect was 
noticeable, and with calcium phosphates the reverse effect was to be observed. 
As already pointed out the phosphates of aluminum and iron employed in 
this experiment are basic phosphates. Aluminum phosphate according to 
Truog (77) owes its availability to the relative ease with which it hydrolyses in 
neutral or nearly neutral solutions. From a chemical point of view, this 
assumption is probably correct. The salt is formed from a strong acid and a 
weak base and will, therefore, hydrolyze readily according to the following 
equation: 


/ OH 
(1) AIPO,+ 3H,0 2 AlZ OH + H,PO, 
\OH 


When such a reaction takes place in the presence of plant roots, there will be 
a tendency for the phosphoric acid to be removed and the aluminum hydrate 
to remain in the soil. The net result would be that the aluminum phosphate 
in the soil will become more and more basic. From the law of mass action it 
is evident that as the phosphate becomes more basic the rate of hydrolysis of 
the phosphate will diminish. As time goes on plants will experience increas- 
ing difficulty to obtain phosphorus as a result of the reaction represented in 
equation (1). The beneficial action of lime on aluminum is evident from the 
following reactions: 


(2) CaCO; +  H,CO; = CaH; (CO;) 
(3) 2A1l(OH); + 3CaH.(CO;). ad Ca;Al,0, + 6H.CO; 


The lime therefore removes the aluminum hydrate from the reaction by precipi- 
tating it as the very insoluble calcium aluminate. The continual removal of 
aluminum hydrate prevents reaction (1) from reaching an equilibrium so 
that plants will be supplied steadily with a supply of soluble phosphorus. 
The lime may, of course, precipitate the phosphoric acid as tricalcium phos- 
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phate but such precipitated tricalcium phosphate has repeatedly been shown 
to be readily available. The phosphorus will become thoroughly disseminated 
in the soil and furthermore is readily rendered soluble by carbonic acid in the 
following manner: 


Ca;(PO,). + 2H.CO, — Ca,H2(PO,) + CaH.(COs)e 


The fact that lime failed to increase the assimilation of ferric phosphate 
and ferrous phosphate is evident from the above explanation. Iron is a 
stronger base producing substance than aluminum as is proved by the fact that 
ferric and ferrous hydrates never behave in the capacity of acids as aluminum 
hydrate does. Lime, therefore, will have no effect upon ferric or ferrous hy- 
drate. It may be assumed that iron phosphates hydrolyze in the same manner 
as aluminum phosphates but they are not likely to hydrolyze as readily. 


(4) FePO; + 3H,0 = Fe(OH); + H;PO, 


We would have to conclude, therefore, that as the phosphoric acid is used by 
the plants the residue will always become increasingly basic and unavailable 
to plants. Vivianite is a fairly pure ferrous phosphate, Fe;(POx)2; while 
dufrenite is a basic ferric phosphate, FePO,:Fe(OH)3. This probably ex- 
plains in part the greater availability of vivianite. Probably the utilization of 
iron phosphates by plants in the soil must be explained as being chiefly due 
to the action of acids, carbonic acid and nitrous acid, both of which are pro- 
duced in quantity in soils containing a fair amount of organic matter. 


The Fe,(CO); is unstable and readily hydrolyzes to give the following: 


(6) Fe,(CO;)3 + 6H,O-2Fe(OH); + 3H:CO; or 
(7) FePO, + 3H6 NO.—Fe(NO.); +H ;sPO, 


Chemically, one would expect that the availability of tricalcium phosphate 
would be suppressed by the action of limestone. Carbonic acid and nitrous 
acid produced in soil will react in part at least with the limestone. 


(8) CaCO; + H:CO;— CaH.(CO;)2 

(9) CaCO; + 2HNO.— Ca(NO,), + H:CO; 
Apart from this factor the introduction of the common calcium ion will tend to 
force the equilibrium of the following equation to the left rather than to the ° 
right. 


(10)Cas(PO,)2+ 2H:CO; = CaH,(PO,)2+CaH:(CO;)s 


Truog (77) was able to demonstrate by pot cultures that the introduction of 
soluble calcium ions into the soil solution tended to lower the rate of assimila- 
tion of phosphorus from tricalcium phosphate. This applies especially to 
plants which do not feed heavily on calcium. 
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In the literature survey, Hilgard (27) was quoted as stating that in calcareous 
soils relatively smaller percentages of phosphoric acid will suffice for good 
plant growth than in acid soils. Truog (77) referring to observations of a 
decrease in growth of cereals due to the addition of lime carbonate in pot cul- 
tures, makes the following statement 


“This decrease in availability is undoubtedly due to a condition which is temporary. In 
becoming acid a soil goes into a condition which takes years to develop, and the addition of 
lime carbonate causes many profound changes, some of which may affect the availability of 
the phosphorus. The very favorable results obtained by investigators in long continued 
field experiments involving the use of ground limestone is strong evidence that any unfa vor- 
able result at the start is due to temporary conditions.” 


If we consider the fact that in a soil, and even a calcareous soil, there is con- 
siderably more aluminum, as a rule, than calcium, we cannot but believe that 
during the ages of weathering to which soils have been subjected, a considerable 
quantity of phosphorus has gone into combination with aluminum. This 
phosphorus will be readily available to plants in a calcareous medium as had 
already been explained. Is it not the aluminum phosphate in the soil rather 
than the calcium phosphate that has caused Hilgard to express the opinion 
quoted above? On the other hand, the favorable results obtained in field 
experiments as the result of long continued use of limestone may be explained 
in the following manner. Legumes in general grow better in limed soils. 
Good farm practice would, therefore, result in the incorporation of more organic 
matter in the soil and especially of more highly nitrogenous organic matter. 
The limestone creates conditions favorable for biological activity in the soil. 
The organic matter is more rapidly decomposed and hence there is rapid pro- 
duction of carbon dioxide and nitrous acid. These acids may readily produce 
acid zones in the soil. In such a heterogeneous mass as the soil, it is not diffi- 
cult to conceive of acid and alkaline or neutral zones in close proximity. These 
zones will naturally not be stationary. Acid zones will continuously be formed 
and again destroyed. In the acid zones, tricalcium phosphate will be dis- 
solved and rendered available to plants; in the alkaline zones, aluminum phos- 
phates will be hydrolyzed and rendered available to crops so that, even 
there, soluble phosphorus will not be lacking entirely. Lime, as such, un- 
doubtedly reduces the availability of tricalcium phosphate but due to its 
effect on the organic matter and on the biological activities of the soil, it acts 
indirectly as a liberator of phosphorus. 

Gypsum was added to certain pots in an endeavour to stimulate root growth 
in the plants and so improve the feeding capacity of the plants. If an in- 
crease was to be expected one would have looked for it in connection with the 
use of aluminum and iron phosphates. With the calcium phosphates, the 
introduction of the common ion calcium would result in a reduction of yield 
according to Truog (77). Nosuch reduction can be said to have been observed. 
The gypsum seems to have been without effect of any kind. It may be pointed 
out, too, at this time that the choice of calcium nitrate as a nitrogen fertilizer 


AGRICULTURAL VALUE OF INSOLUBLE MINERAL PHOSPHATES 371 


was probably unfortunate in that it may have caused a reduction in yields on 
the calcium phosphate pots, due to the introduction of the common ion cal- 
cium. On the other hand the Russian work (10) has shown that calcium 
nitrate is the best form of nitrogen to apply for buckwheat. It is decidedly 
superior to sodium nitrate. The use of ammonium salts was avoided since 
it would have introduced the factor of extremely rapid nitrification and the 
copious production of acids. 

Buckwheat and sweet clover were chosen as crops because of their reputation 
as strong feeders on insoluble phosphates. 


Experiment 2 


In order to test the various phosphates. under conditions where no soil 
phosphorus was present it was thought advisable to compare their action in 
sand culture. Buckwheat and sweet clover were again chosen as the crops to 
be grown. The phosphates, lime and gypsum were applied by thoroughly 
mixing them in the sand. The rest of the required plant-food nutrients were 
added in a culture solution composed of 10 cc. of each of the following solutions 
and the mixture diluted to a liter. 

164 gm.ofcalcium nitratein 2500 cc. 
50 gm. of potassium sulfate in 2500 cc. 
20 gm. of magnesium sulfate in 2500 cc. 

0.01 gm. of ferric chloride in 2500 cc. 

One liter of nutrient solution was addedat the time of planting, another liter 
after 3 weeks, a third liter 2 weeks later, and thenceforth a liter was applied 
every week. The same pots were employed as in the former experiment and 
the same quantities of the phosphates, gypsum, and limestone were employed. 
Each pot contained 12.pounds of sand. The rate of application of fertilizers 
were therefore: 

Phosphates, 1000 pounds of 65 per cent rock phosphate per acre 

Gypsum, 200 pounds per acre 

Limestone, _1 ton per acre 
The fertilizers applied in the solid form were thoroughly incorporated into the 
sand. 

All the pots were planted in duplicate. The sweet clover pots had an “x” 
prefixed before each number. The buckwheat pots were planted on March 
13, 1920, and harvested on May 13. The sweet clover pots were planted on 
March 13, 1920, and harvested on May 20. Through an error, one of the ~ 
pots in the buckwheat series did not receive any phosphorus and had to be 
discarded. 

As in the former experiment 30 seeds were planted in each pot, and as time 
went on the weaker plants were pulled out until finally the buckwheat pots 
each contained 7 plants and the sweet clover pots each 10 plants. 

On April 2, April 23, and May 4, all the pots were sprayed with nicotine 
sulfate solution to kill thrips with which the plants had become infested. 
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TABLE 7 

Treatments applied to various pots 
ee TREATMENT IN ADDITION TO NUTRIENTS poe TREATMENT IN ADDITION TO NUTRIENTS 
1201A Laz.* 1041A Fu, R. 
1202A Laz., L 1042A FLR., L 
1203A Laz., G 1403A FL. R., G 
1204A Laz, G,L 1404A FI. R., G, L 
1201B Wav. 1401B Legg. 
1202B Wav., L 1402B Leg., L 
1203B Wav., G 1403B Lgg, G 
1204B Wav., G,L 1404B Leg., G, L 
1201C Sal. 1501 Ac. P. 
1202C hae 1502 Ac. P., L 
1203C Sal, G 1503 Ac. P., G 
1204C Sal, G,L 1504 Ac. P., G, L 
1301A Duf. 1601 Bone 
1302A Duf, L 1602 Bone, L 
1303A Duf., G 1603 Bone, G 
1304A Duf., G,L 1604 Bone, G, L 
1301B Viv. 
1302B Viv., L 
1303B Viv. G 
1304B Viv., G,L 


* For explanation of abbreviations see table 4. 
{ Included in each liter of nutrient solution 7 rate of 10 cc. of solution containing 26 gm. 
NazHPO, in 2500 cc. 


DISCUSSION AND RESULTS OF EXPERIMENT 2 


The weights of the crops produced are recorded in tables 8 and 9. 

This experiment bears out even more markedly than the former one the 
relative ability of buckwheat and sweet clover to assimilate phosphorus from 
the various sources employed. On the unlimed pots bonemeal was on a par 
in value to disodium hydrogen phosphate in solution. Vivianite proved to be 
an excellent source of phosphorus. As in the first experiment, the addition of 
lime and gypsum had no effect on its availability. The average yield from 
the vivianite pots was equal to the average yield of all the Florida phosphate 
and Laingsburg pots. On the unlimed pots the tricalcium phosphate minerals 
proved superior to vivianite; on the limed pots, inferior. In the buckwheat 
series, wavellite and Saldanha phosphates in the limed pots were on a par with 
Florida and Laingsburg phosphates in the unlimed pots. In the sweet clover 
series this does not hold. The sweet clover made considerably better growth 
with the aluminum phosphates on the limed pots than on the unlimed pots, 
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TABLE 8 
Weights of crops of buckwheat produced in sand culture 
WEIGHT OF CROP 
POT NUMBER TREATMENT IN ADDITION TO NUTRIENTS YIELD 
First pot | Second pot | Average 

gm. gm. gm. per cent 

pot 1501 = 

100 per cent 
1201A Laz.* 1.20 1.20 1.20 7.8 
1201B Wav. 4.76 5.70 5.23 34.2 
1201C Sal. 5.79 5.09 7.44 48.6 
1301A Duf. 2.26 2.14 2.20 14.4 
130iB Viv. 9.77 9.81 9.79 64.0 
1401A FI. R. 9.23 9.40 9.32 60.9 
1401B Lgg. 12.66 10.44 14.55 75.6 
1501 Ac: P. 14.87 15.72 15.30 100.0 
1601 Bone 15.02 15.47 15.25 99.7 
per cent 

pot 1502 = 

100 per cent 
1202A Laz., limestone 1.46 1.38 1.42 9.5 
1202B Wav., limestone 9.45 9.98 9.72 65.1 
1202C Sal., limestone 9.49 8.92 9.21 61.7 
1302A Duf., limestone 2A7 2.26 223 14.9 
1302B Viv., limestone 9.42 10.04 9.73 65.2 
1402B Fl. R., limestone 6.39 6.97 6.68 44.7 
1402B Lgg., limestone 6.00 6.73 6.37 42.7 
1502 Ac. P., limestone 14.93 14.93 100.0 
1602 Bone, limestone 12.19 11.49 11.84 79.9 
per cent 

pot 1503 = 

100 per cent 
1203A Laz., gypsum L172 1.23 1.20 8.0 
1203B Wav., gypsum 5.69 6.31 6.00 40.3 
1203C Sal., gypsum 5.63 5.40 5.52 36.9 
1303A Duf., gypsum 2.12 2.28 2.20 14.7 
1303B Viv., gypsum 10.01 9.39 9.70 64.9 
1403A Fl. R., gypsum 10.59 11.03 10.81 las 
1403B Lgg., gypsum 10.10 11.50 | 10.80 72.2 
1503 Ac. P., gypsum 14.71 15.18 14.95 100.0 
1603 Bone, gypsum 14.37 13.65 14.01 93.6 
per cent 

pot 1504 = 

100 per cent 
1204A Laz., limestone, gypsum 1.39 1.55 1.47 9.6 
1204B Wav., limestone, gypsum 9.47 10.16 9.82 64.4 
1204C Sal., limestone, gypsum 10.37 9.09 9.73 63.8 
1304A Duf., limestone, gypsum 2.01 2.41 2.21 14.5 
1304B Viv., limestone, gypsum 10.40 11.29 10.85 11:2 
1404A Fl. R., limestone, gypsum 6.24 6.73 6.49 42.6 
1404B Lgg., limestone, gypsum 6.16 5.80 5.98 39.2 
1504 Ac. P., limestone, gypsum 15.81 14.66 15.24 100.0 
1604 Bone, limestone, gypsum 11.60 9.18 10.39 68.2 


* For explanation of abbreviations see table 4. 
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TABLE 9 
Weights of crops of sweet clover produced in sand cultures 
WEIGHT OF CROPS 
POT NUMBER TREATMENT IN ADDITION TO NUTRIENTS YIELD 
First pot | Second pot} Average 

gm. gm. gm. per cent 

pot x1501 = 

100 per cent 
x1201A Laz.* 2.18 2.29 2.24 19.7 
x1201B Wav. 5 He 2.61 2.56 22:5 
x1201C Sal. 2.6 2.86 2:43 24.0 
x1301A Duf. 2.40 r Boy 2.31 20.3 
x1301B Viv. 8.53 9.82 9.18 80.8 
x1401A FI. R. 10.37 10.54 10.46 92.1 
x1401B Legg. 10.13 10.06 10.15 89.3 
x1501 Ac. P. 11.74 10.98 11.36 100.0 
x1601 Bone 12:53 13.02 12.78 112.5 
per cent 

pot x1502 = 

100 per cent 
x1202A Laz. limestone 3.01 3.10 3.56 26.6 
x1202B Wav., limestone 6.72 6.50 6.61 49.4 
x1202C Sal., limestone 7.35 7.38 7.37 55.0 
x1302A Duf., _ limestone 2.26 2.09 2.18 16.3 
x1302B Viv., limestone 9.20 8.41 8.81 65.8 
x1402A FL. R., limestone 8.63 8.40 8.52 63.6 
x1402B Lgg., limestone re) | 7.74 7.53 56.2 
x1502 Ac. P., limestone 13.42 13.36 13.39 100.0 
x1602 Bone, _ limestone 10.19 10.42 10.31 76.9 
per cent 

pot x1503 = 

100 per cent 
x1203A Laz., gypsum 2.00 1.92 1.96 15.6 
x1203B Wav., gypsum 3.14 2.89 3.02 24.1 
x1203C Sal., gypsum 2.67 2.81 2.74 21.9 
x1303A Duf., gypsum AES f 2.17 2.27 18.1 
x1303B Viv., gypsum 10.54 9.18 9.86 78.6 
x1403A Fl. R., gypsum 12.04 11.09 $1.57 92.3 
x1403B Lgg., gypsum 9.68 9.71 9.70 77.4 
x1502 Ac. P., gypsum 12.61 12.47 12.54 100.0 
x1602 Bone, gypsum 13.35 12.72 13.04 103.9 
per cent 

pot x1504 = 

100 per cent 
x1204A Laz., limestone, gypsum; 2.98 2.89 2.93 21.8 
x1204B Wav., limestone, gypsum} 6.71 7.22 6.97 3 Hg 
x1204C Sal., limestone, gypsum} 8.13 8.17 8.15 60.7 
x1304A Duf., limestone, gypsum| 2.42 ef 2.35 17.5 
x1304B Viv., limestone, gypsum} 9.79 9.81 9.380 73.0 
x1404A FLR., limestone, gypsum; 8.86 8.28 8.57 63.9 
x1404B Lgg., limestone, gypsum] 6.80 7.45 7.13 53.1 
x1504 Ac.P. limestone, gypsum] 13.29 13.54 13.42 100.0 
x1604 Bone, limestone, gypsum} 10.01 10.76 10.39 77.4 


* For explanation of abbreviations see Table 4. 
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but the yields were not as large as those obtained on the unlimed pots fer- 
tilized with the tricalcium phosphate minerals. The Florida and Laingsburg 
phosphates, as with the buckwheat, proved inferior in the limed pots to the 
same phosphates in the unlimed pots, but in this case equally as good as wavel- 
lite and Saldanha on the limed pots. Lazulite and dufrenite behaved as they 
did in the first experiment, proving themselves poor sources of phosphorus. 

A fact to be recorded and probably of some significance is that in the earlier 
stages of growth of the buckwheat the big differences in total growth on the 
aluminum phosphate were not so much in evidence. It was during the last 
4 or 5 weeks of growth that the plants on the limed pots displayed a greater 
rate of growth than those on the unlimed pots. Plate 1, figure 1, shows the 
buckwheat at the age of 6 weeks. The effects of liming is plainly evident 
where the calcium minerals were applied but not nearly so well marked where 
aluminum minerals were used. Figure 2 shows that where sweet clover was 
grown liming showed very marked influence from the very beginning. The 
pot marked x1705 was one of a series that was discarded because of the series 
becoming infected with red spider. This pot received a complete nutrient 
solution in which the phosphorus was supplied in the form of monocalcium 
phosphate. Besides this the pot was limed and treated with 14 gm. of Florida 
rock phosphate, i.e., rock phosphate at the rate of 7 tons per acre. 

These observations tally with the explanation as to assimilability of the 
phosphates of aluminum and calcium, i.e., in an unlimed medium the availa- 
bility of aluminum phosphate will decrease as time goes on, whereas the effect 
of lime on the calcium phosphates will be in evidence immediately. This is 
considered strong evidence in favor of the explanation as to the effect of lime 
on the availability of aluminum phosphate. 

It is remarkable that similar results have been obtained with buckwheat 
and sweet clover. Both crops, of course, are known to be heavy feeders on 
phosphates; but, on the one hand, buckwheat has a rather limited rooting sys- 
tem while sweet clover, on the other hand, has a very extensive rooting system. 
It seems, therefore, that the two plants should vary considerably in feeding 
power or else in the manner in which they feed. It is possible to conceive of the 
idea that the sweet clover may have been injured by aluminum on the alu- 
minum phosphate series. Soluble aluminum in any form would be injurious 
to sweet clover. This perhaps explains why sweet clover did not respond as 
well as buckwheat to treatment with aluminum phosphate. Sweet clover 
roots probably excrete more carbonic acid than do buckwheat roots. Alu- 
minum phosphate is not as readily dissolved by carbonic acid as is tricalcium 
phosphate. Buckwheat may feed more ueavily on phosphorus rendered 
soluble by hydrolysis by reason of a more rapid removal of phosphorus from 
the root-hairs to the growing parts of the plant. It must be borne in mind 
that in these sand cultures, microérganisms do not play the part that they 
do in soils. None of the pots were inoculated with soil infusion and no 
nitrifiable material was added. In all probability all pots were infected with 
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some kind or kinds of organisms but it is not likely that any organisms that 
could affect the availability of phosphorus appreciably could have been 
present, or even if they had been present could have exerted any influence, so 
that the plants had to obtain phosphorus by one of the following methods: 


1. The solution of phosphates in the nutrient medium. 

2. By hydrolysis and consequent solution of phosphates. 

3. By solvent effect of acid root excretions, which would be, according to Czapek (13), 
chiefly through the agency of carbonic acid. 


Phosphorus brought into solution by the first two methods should be equally 
available to both crops. The phosphorus obtained by the third method would 
depend on the individuality of the crop in regard to the quantity of the car- 
bonic acid excreted. The differences in feeding power between the two crops 
under the conditions of the experiment would in all probability have to be 
ascribed to the rate of carbonic acid excretion, unless there is a difference 
between the plants in the rate at which phosphorus is translocated from the 
root hairs to the growing parts of the plants. 

It was thought that in sand culture we would be able to duplicate Truog’s 
(77) results with regard to the effect of soluble calcium salts on the availa- 
bility of the tricalcium phosphate minerals (i.e., reduce it); but gypsum, as in 
soil cultures, appeared to have no effect on the growth of the plants. It is, 
of course, possible that due to the large excess of calcium already present in 
the form of calcium nitrate the additional effect of the calcium ions from the 
gypsum was too small to register an appreciable difference in crop growth. 


Experiment 3 


The purpose of this experiment was to determine the effect of nitrification 
of urea on the availability of the various phosphates both in soil and sand 
cultures. 

The experiment was commenced in the fall of 1920. The media for growth 
employed were the brown silt loam and the yellow silt loam described in the 
first section of this paper and pure quartz sand. Throughout the experiment 
phosphorus and limestone were applied in the same quantities as in former 
experiments. In the case of the sand cultures the nutrient was applied at the 
same rate as in previous sand cultures. Where the pots received urea, 0.75 
gm. was applied to each pot, i.e., such a quantity was added that, if all the 
nitrogen in it were converted to nitric acid, enough acid would be formed to 
displace exactly all the phosphoric acid from the tricalcium phosphate ap- 
plied to each of the pots treated with it. The pots, which did not receive urea, 
received an application of 2.05 gm. of calcium nitrate, i.e., nitrogen in equal 
quantity to that added to the pots receiving urea. 

The treatments were applied to all the pots and water added to the optimum 
amount in each pot. The sand pots each received 50 cc. of a soil infusion. 
The pots were then left unplanted for 14 days, the object being to allow the 
urea to be nitrified before the germination of the seed. 
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TABLE 10 
Treatmenis applied to individual pots 
BROWN SILT YELLOW SILT SAND CULTURE 
TREATMENT LOAM SERIES LOAM SERIES SERIES 
POT NUMBERS POT NUMBERS POT NUMBERS 

Laz., Ca(NOs)2* 11A 61A 111A 
Laz., Ca(NOs)e, L 12A 62A 112A 
Laz., urea 13A 63A 113A 
Laz., urea, L 14A 644A 114A 
Wav., Ca(NOs)2 11B 61B 111B 
Wav., Ca(NOs)2, L 12B 62B 112B 
Wav., urea 13B 63B 113B 
Wav., urea, L ~ ) 943 64B 114B 
Sal., Ca(NOs)2 11¢ 61C 111C 
Sal., Ca(NOs)o, L 12C 62C 112C 
Sal., urea 13C 63C 113C 
Sal., urea, L 14C 64C 114C 
Duf., Ca(NOs)2 21 71 121 
Duf., Ca(NOs)2, L 22 72 122 
Duf., urea 23 73 123 
Duf., urea, L 24 74 124 
Fl. R., Ca(NOs)2 31A 81A 131A 
Fl. R., Ca(NOs)2, L 32A 82A 132A 
Fl. R., urea 33A 83A 133A 
Fl. R., urea, L 34A 84A 134A 
Lgg., Ca(NOs)2 31B 81B 131B 
Lgg., Ca(NOs)2, L 32B 82B 132B 
Lgg., urea 33B 83B 133B 
Lgg., urea, L 34B 84B 134B 
Bone, Ca(NOs)2 41 91 141 
Bone, Ca(NOs)2, L 42 92 142 
Bone, urea 43 93 143 
Bone, urea, L ot 94 144 
Ac. P., Ca(NOs)2 51 101 151 
Ac. P., Ca(NOs)2, L 52 102 152 
Ac. P., urea 53 103 153 
Ac. P., urea, L 54 104 154 

Ca(NOs)s Check 1 Check 1 

Ca(NOs)2, L 2 <2 No check 

Urea a wes group 

Urea, L cas ais 

* For explanation of abbreviations see table 4. 
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The materials added to the pots were ground together in a mortar and 
thoroughly mixed before they were incorporated in the growing media. Thor- 
ough mixing of the media and the material was effected. 

Five series of pots were used, two containing brown silt loam, one contain- 
ing yellow silt loam, and two containing sand. For each soil, one series was 
planted to wheat. The two extra series were planted to annual white sweet 
clover and each of these pots was numbered the same as its corresponding 
wheat pot except for an “x” prefixed tothe number. The pots in the sand 
series each received in addition a nutrient solution containing magnesium sul- 
fate, potassium sulfate, and ferric chloride. The concentrations of the salts in 
this solution, the manner and time of application are exactly as described 
under experiment 1. The treatments applied to the individual pots in all the 
series are indicated in table 10. 

Sweet clover pots in the first series were planted on October 25 and 26, 
1920; the wheat pots, on October 27 and 28, 1920; and a second series of 
pots containing sand were planted to annual white sweet clover on November 
7, 1920. 


DISCUSSION AND RESULTS OF EXPERIMENT 3 


Due to poor light conditions during the winter months all the plants made 
very slow growth so that harvesting occurred only toward the middle of March. 
During the growing season the greenhouses were fumigated on two occasions 
with “nicofume” to rid the plants of aphis. On three separate occasions 
spraying with nicotine sulfate was resorted to in order to kill the thrips with 
which the plants had become infested. The last 6 weeks of the growing periods 
when the days were becoming longer the plants grew most rapidly. The sweet 
clover, especially, remained stunted to a considerable extent in the earlier grow- 
ing period. 

On March 4, the wheat on the sand cultures was harvested. On March 
13 and 14, the wheat on the soil cultures was harvested and on March 18, all 
the sweet clover pots were harvested. The crops were kept in paper bags 
dried in an oven at 105°C. and weighed. 

The weights of crops obtained are recorded in tables 11, 12, 13, 14, and 15. 

From the above tables the percentage increase in growth as a result of the 
treatments can be determined. In general, the yields from the pots not treated 
with urea substantiate the findings of the first experiment with respect to the 
comparative availability of the various phosphates and the effect of lime on 
the assimilability of the phosphorus. With wheat, acid phosphate gave easily 
the best results on both limed and unlimed soil, while wavellite and Saldanha 
phosphates on limed soil and bonemeal on unlimed soil were second in their 
effect. Florida rock and Laingsburg phosphates were effective on the un- 
limed soil but failed to produce much increased growth on the limed pots. 
The sweet clover yields on the brown silt loam series showed that, even where 
pots had been limed, the tricalcium phosphates were a better source of phos- 
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TABLE 11 
Weight of wheat from brown silt loam series 
YIELD OF CROP INCREASE 
POT NUMBER TREATMENT OVER 
First pot |Second pot} Average CHECK 1 
gm. gm. gm. per cent 
11A 5.63 Silo 5.68 —1.6 
11B Wav., Ca(NOs)2 6.68 6.20 6.53 13.2 
11¢ Sal., Ca(NOs)s C3t 8.42 7.99 38.3 
21 Duf., Ca(NOs)2 5.67 5.58 5.63 —2.4 
31A Fl. R., Ca(NOs)2 8.37 8.92 8.65 49.9 
31B Lgg., Ca(NOs)e 8.69 8.31 8.50 47.3 
41 Bone, Ca(NOs)2 9.57 9.07 9.32 61.5 
51 Ac. P., Ca(NOs)2 10.72 ~| 10.31 10.52 82.3 
Check 1 Ca(NOs)2 alone Sis 5.81 S42 
INCREASE 
OVER CHECK 2 
per cent 
12A Laz., Ca(NOs)2, L 6.32 6.41 6.37 10.4 13.6 
12B Wav. Ca(NOy)2, L 8.64 | 9.42 | 9.03 | 56.5 61.5 
12C Sal, Ca(NOs)2, L 8.57 9.42 9.00 56.3 61.0 
22 Duf., Ca(NO;)2, L 5.71 | 5.46 | 5.59 | —3.1 0 
32A FI.R., Ca(NOs)e, L 7.09 TAT 7.13 23.6 27-5 
32B Lgg., Ca(NOs)o, L 6.23 | 6.26 | 6.25 8.3 11.8 
42 yone., Ca(NOs)2, L 8.18 7.84 8.01 38.8 43.3 
$2 Ac. P., Ca(NOs)s, L 10.03 10.67 10.35 79.4 85.2 
Check 2 Ca(NO;)2, L 5.71 | 5.46 | 5.59 | —3.1 
INCREASE 
OVER CHECK 3 
per cent 
13A Laz., ufea 12.80 | 13.27 | 13.04 | 125.9 25.0 
13B Wav., urea 14.95 | 14.15 | 14.55 | 152.2 39.5 
13C Sal., urea 14.71 15.88 | 15.30 | 165.1 46.7 
23 Duf., urea 13.69 | 15.31 14:50 | 153.2 39.0 
33A Fl. R., urea 20.82 19.70 | 20.26 | 251.1 94.2 
33B Lgg., urea 19.68 | 19.97 19.83 | 243.7 90.1 
43 Bone, urea 18.50 | 19.82 | 19.16 | 232.1 83.7 
53 Ac. P, urea 16.41 16.84 | 16.63 188.2 59.5 
Check 3 Urea alone 10.09 | 10.77 | 10.43 80.7 
INCREASE 
OVER CHECK 4 
per cent 
144A Laz., urea, L 10.73 10.75 10.74 86.3 23.6 
14B Wav., urea, L 10.96 | 12.00 | 11.48 98.9 31.9 
14C Sal., urea, L 11.74 | 12.54 | 12.14 | 110.4 39.7 
24 Duf., urea, L 12.07 11.42 11.80 | 104.5 35.7 
24A FI.R., urea, L 17.76 | 16.55 17.16 | 197.4 97.5 
34B Lgg., urea, L 14.80 | 14.03 14.42 | 149.9 65.9 
44 Bone, urea, L 17.25 | 16.80 | 17.03 | 195.1 95.9 
54 Ac. P., urea, L 15.35 15.24 | 15.30 | 165.2 76.1 
Check 4 Urea, L 8.48 8.89 8.69 50.6 
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TABLE 12 
Vields of sweet clover from brown silt loam soil series 
YIELD OF CROA INCREASE 
POT NUMBER TREATMENT OVER 
First pot |Second pot| Average | * CHECK 1 
gm. gm. gm. per cent 
x1iA Laz., Ca(NOs)s 4.78 4.41 4.60 | —3.4 
x1iB Wav., Ca(NOs): 5.44 5.70 5.57 17.0 
x11C Sal., Ca(NOs)2 4.65 5.48 5.06 6.3 
x21 Duf., Ca(NOs)s 4.70 5.47 5.09 6.9 
x31A Fl. R., Ca(NOs)2 7.93 7215 7.54 58.4 
x31B Lgg., Ca(NOs)s 7.46 7.26 7.36 54.6 
x41 Bone, Ca(NOs)2 10.57 9.66 | 10.12 | 112.6 
x51 Ac. P., Ca(NOs)2 6.72 7.90 7.31 53.6 
xCheck 1 Ca(NOs)2, alone 4.80 4,22 4.76 
INCREASE 
OVER 
X CHECK 2 
per cent 
x12A Laz., Ca(NOs)2, L 5.45 4.95 | -5.20 9.5 —0.4 
x12B Wav., Ca(NOs)2, L 6.00 6.46 6.23 30.9 19.3 
x12C Sal., Ca(NOs)e, L 6.84 6.13 6.49 36.3 24.3 
x22 Duf., Ca(NOs)o, L 5.44 es) 5.38 13.0 a4 
x32A Fl. R., Ca(NOs)2, L 6.68 7.05 6.87 44.3 31.6 
x32B Lgg., Ca(NOs)e, L 6.70 6.23 6.47 35.9 23.9 
x42 Bone, Ca(NOs)2, L 8.70 7.80 8.25 13:3 58.0 
x52 Ac. P., Ca(NOs)2, L 10.69 9.56. 140:13 11128 94.1 
xCheck 2 Ca(NOs)2, L 5:22 5.32 Due 9.7 
INCREASE 
OVER 
X CHECK 3 
per cent 
x13A Laz., urea 4.87 4.53 4.70 | —1.3 1383 
x13B Wav., urea 5.62 6.21 5.92 24.4 42.7 
x13C Sal., urea 5.11 5.24 5.18 8.8 21:2 
x23 Duf., urea 724 6.80 7.01 47.3 68.9 
x33A FI. R., urea 8.12 8.37 8.25 73.3 98.8 
x33B Lgg., urea 6.24 7.67 6.96 46.2 67.7 
x43 Bone, urea 7.33 8.03 7.68 61.3 85.1 
x53 Ac. P., urea 1.35 1.23 7.39 55.3 333s 
xCheck 3 Urea alone 4.38 3.92 4.15 |—12.8 
INCREASE 
OVER 
X CHECK 4 
per cent 
xl4A Laz., urea, L 6.72 5.91 6.41 34.7 19.1 
x14B Wav., urea, L 7.34 6.30 6.82 43.3 26.8 
x14C Sal., urea, L 6.73 6.92 6.83 43.3 26.8 
x24 Duf., urea, L 6.24 6.42 6.33 32.9 17:37 
x34A Fl. R., urea, L 9.64 8.99 9.33 96.0 73.4 
x34B Lgg., urea, L 9.67 8.94 9.31 95.6 413A 
XE _ Bone, urea, L 9.90 | 10.86 9.38 97.1 74.4 
x54 Ac. P., urea, L 10.89 | 11.74 | 11.32 | 137.8 110.4 
xCheck 4 Urea, L. 5.29 5.47 5.38 13.0 
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phorus for this plant than aluminum and iron phosphates. The effect of liming 
was concordant with the former findings; it was in the relative powers of assim- 
ilating the various phosphates that the plants differed. Wheat uses alumi- 
num phosphates more readily than does sweet clover. Sweet clover is a heavy 


TABLE 13 
Yields of wheat from pots in yellow silt loam series. (A large number of crops were lost due 
to the oven, in which they were being dried, becoming overheated and crops being charred) 


YIELD OF CROPS INCREASE 
POT NUMBER TREATMENT OVER 
First pot [Second pot] Average | S2E°¥ 1 
gm. gm. gm. per cent 
61A Laz., Ca(NOs)e 5.36 4.87 5.12 —1.2 
61B Wav., Ca(NOs)2 7.48 fee 7.30 40.8 
61C Sal., Ca(NOs)s 5.87 5.63 S75 11.0 
81B Lgg., Ca(NOs): 723°) Fav 72 | BA 
Check 1 Ca(NOs)2, alone 5.18 5.18 
INCREASE 
OVER CHECK 2 
per cent 
62A Laz., Ca(NOs)e, L 6.12 5.85 5.98 15.4 2.9 
62B Wav., Ca(NOs)2, L (cab 9.05 8.21 58.5 41.3 
62C Sal., Ca(NOs)2, L 8.75 8.44 8.60 66.0 48.0 
82B Lgg., Ca(NOs)s, L 6.40 | 5.90 | 6.15 | 18.7 5.9 
Check 2 Ca(NOs)2, L 5.81 5.81 17.2 
INCREASE 
OVER CHECK 3 
per cent 
63A Laz., urea 6.14 6.29 6.22 20.1 0.2 
63B Wav., urea 6.35 6.53 6.44 24.3 a 
63C Sal., urea 7.89 | 10.22 9.06 74.9 45.9 
. 83B Lgg., urea 9.10 | 10.07 9.59 85.1 54.4 
Check 3 Urea alone 6.21 6.21 20.0 
INCREASE 
OVER CHECK 4 
per cent 
64A Laz., urea, L 8.26 | 7.71 | 7.99 | 54.2 30.1 
64B Wav., urea, L 9.69 8.44 9.07 75.1 47.5 
64C Sal., urea, L 10.07 | 10.35 | 10.21 | 97.1 49.8 
84B Lgg., urea, L 8.42 7.97 8.20 58.4 35-5 
Check 4 Urea, L 5.92 6.31 6.12 18.1 


feeder on calcium, wheat a light feeder. It is to be expected, therefore, that 
in the presence of lime or even in the absence of lime sweet clover would be 
capable of assimilating the phosphorus of tricalcium phosphate more readily 
than would wheat. Truog (77) is of the opinion that oats feed heavily on 
the natural phosphates of the soil because of their large fibrous root system. 
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Wheat, which is very similar to oats in its general structure and manner of 
feeding, should therefore also feed heavily on soil phosphorus. The results of 


TABLE 14 
Yields of wheat from pots in the sand series 


YIELD OF CROP 
POT NUMBER TREATMENT IN ADDITION TO NUTRIENT SOLUTION 
First pot | Second pot} Average 
gm. gm. gm. 

111A Laz., Ca(NOs)2 1.90 1.28 1.59 
111B Wav., Ca(NOs)2 3.66 4.05 3.86 
111C Sal., Ca(NOs)e 3.16 2.22 2.69 
121 Duf., Ca(NOs)e 1.72 2.04 1.88 
131A Fl. R., Ca(NOs)2 2.00 1.95 1.98 
131B Lgg., Ca(NOs)2 2.18 2.07 2.13 
141 Bone, Ca(NOs)2 3241 2.26 2.69 
151 Ac. P., Ca(NOs)2 10.04 20.21 19.63 
112A Laz., Ca(NOs)e, L - 383 A 31 1.42 
112B Wav., Ca(NOs)e, L 5.40 5.01 S21 
112C Sal., Ca(NOs)e, L 4.06 4.16 4.11 
122 Duf., Ca(NOs)e, L 2.23 2.04 2.14 
132A Fl. R., Ca(NOs)e, L 1.65 1.54 1.60 
132B Lgg., Ca(NOs)2, L 2.30 2:12 2.21 
142 Bone, Ca(NOs)2, L 2.38 2.16 AE 
152 Ac. P., Ca(NOs)2, L 17.62 19.40 18.51 
113A Laz., urea 1.60 2.10 1.85 
113B Wav., urea 4.89 er | 5.05 
113C Sal., urea 6.01 6.00 6.01 
123 Duf., urea 2.46 2.67 2at 
133A Fl. R., urea 4.30 5.44 4.87 
133B Lgg., urea 4.19 3.90 4.05 
143 Bone, urea 7.58 4s58° 
153 Ac. P., urea 19.34 20.02 19.68 
114A . Laz., urea, L 1.90 1.25 1.58 
114B Wav., urea, L 4.77 5.02 4.90 
114C Sal., urea, L 6.20 6.25 6.23 
124 Duf., urea, L 1.64 2.00 1.82 
134A Fl. R., urea, L 2.22 2 ag 
134B Lgg., urea, L 2.40 2.30 2i35 
144 Bone, urea, L 2.68 2.68* 
154 Ac. P., urea, L 19.59 19.97 19.78 


* Weights from only one pot available. The duplicate plants had died soon after ger- 
mination, presumably from the toxic effect of either the urea or ammonia formed from it. 


the above experiments justify his conclusions, for the wheat grown in sand 
culture made but poor growth. On the other hand, the wheat has responded 
very markedly to phosphate treatment on the soils. It seems logical to be- 
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lieve that the more rapid development of a root system in the soil due to the 
presence of some readily available phosphorus accounts for the greater ability 


TABLE 15 


Vields of sweet clover from the sand series 


YIELD OF CROP 
POT NUMBER TREATMENT IN ADDITION TO NUTRIENT SOLUTION 
First pot Second pot Average 
gm. gm. gm. 

x111A Laz., | Ca(NOs)e 0.84 0.53 0.69 
x111B Wav., Ca(NOs)2 4.00 5220 4.60 
x111C Sal., Ca(NOs)2 5.26 5.53 5.40 
x121 Duf., Ca(NOs)2 ‘ 1.33 1.03 1.18 
x131A FI. R., Ca(NOs)2 7.86 10.23 9.05 
x131B Lgg.,  Ca(NOs)2 9.90 9.73 9.82 
x141 Bone, Ca(NOs)2 10.27 9.97 10.12 
x151 Ac. P., Ca(NOs)s 11.46 10.17 10.82 
x112A Laz., Ca(NOs)2, L 1.19 1.14 1 | 
x112B Wav., Ca(NOs)s, L 6.22 6.10 6.16 
x112C Sal., | Ca(NOs)e, L 6.20 7.93 7.07 
x122 Duf., Ca(NOs)e, L 1.00 1.03 1.02 
x132A FI. R., Ca(NOs)2, L 8.23 9.35 8.79 
x132B Lgg., Ca(NOs)e, L 7.73 7.05 7.39 
x142 Bone, Ca(NOs)2, L 4.20 7.04 7.12 
x152 Ac. P., Ca(NOs)2, L 11.57 10.84 11.21 
x113A Laz., urea 0.48* 0.12* 
x113B Wav., urea 0.56* 0.77* 
x113C Sal., urea - og 
x123 Duf., urea — = 
x133A Fl. R., urea 7.62 * 
x133B Lgg., urea 8.45 9.39 8.92 
x143 Bone, urea 10.49 . 10.49t 
x153 Ac. P., urea 7.42 4.32* 7.42T 
x114A Laz., urea, L 1.12 1.43 1.28 
x114B Wav., urea, L 3.24 3.54 3.39 
x114C Sal., urea, L 4.84 5.46 5.15 
x124 Duf., urea, L * 1.79 1.79f 
x134A Fl. R., urea, L - = 
x134B Lgg., urea, L 9.27 8.04 8.66 
x144 Bone, urea, L 8.38 8.38f 
x154 Ac. P., urea, L 11.70 10.92 11.31 


* Part or all of plants died within first 3 weeks. 
¢ From one pot only. 


to use phosphorus applied to soil. The poor growth in sand cultures, where 
only insoluble mineral phosphates are present, is due to the inability to de- 
velop a root system in the early growth stages. Sweet clover, with its high 


384 JACOBUS STEPHANUS MARAIS 


feeding capacity for calcium, finds enough phosphorus in early stages of growth 
to develop an extensive root system; and, therefore, in later stages is better 
equipped to forage for its phosphorus. Sweet clover, of course, always has a 
very much more extensive root system than wheat. The comparison would 
be more plain if we could compare buckwheat and wheat. It must be borne 
in mind, however, that the application of calcium nitrate may have reduced 
the availability of phosphorus for wheat more than for clover, which is capable 
of utilizing more calcium. It would be interesting to grow wheat in sand cul- 
ture with insoluble phosphates and supplying it with a very small quantity 
of soluble phosphorus just after the germination of the plants. 


THE ACTION OF UREA 


Some remarkable results have been obtained as a result of the action of 
urea. The object of the addition of urea was to determine the effect of ni- 
trification on the availability of the phosphates. It was an ideal source of 
organic matter to use because of its being free from phosphorus and conver- 
tible only into nitrous (or nitric)and carbonic acids, thus leaving no mineral 
residue in the soil. Furthermore, urea is nitrified very rapidly. The urea is con- 
verted into ammonium carbonate by the urea organisms present in most soils. 
The ammonium carbonate is rapidly transformed into nitrous acid and carbonic 
acid. On the brown silt loam where urea was used without phosphate treat- 
ment very curious results were obtained. With wheat, very large increases 
in growth were evident, more in the unlimed pots than in the limed ones. 
With sweet clover, urea had practically no effect, while on the yellow silt 
loam series the effect of urea was small. It is evident that in the brown silt 
loam the acid production as a result of nitrification resulted in the liberation 
of a considerable quantity of plant food. The reduction in yield of wheat 
where lime too was applied lends strength to this statement. The failure of 
response by sweet clover is the result of toxic effect on the plants by the acids 
produced. The lesser effect of urea on wheat in yellow silt loam series is due to 
the poor quality of the soil and the inability of the soil to nitrify the urea as 
rapidly as the brown silt loam did. There is even a possibility that the urea 
remained unchanged in the soil long enough to injure the young wheat seed- 
lings. No such injury was visible at any time, however. 


THE EFFECT OF THE UREA ON THE AVAILABILITY OF THE PHOSPHATES 


The effect of the urea on the availability of the phosphates themselves 
was very remarkable. In many instances yields were almost trebled. Wheat 
benefited considerably more than sweet clover. The increases in yield due 
to various treatments are recorded in tables 11,12, and 13. It is evident that 
urea exerted its greatest influence on the tricalcium phosphates. Where 
sweet clover was grown, no, or only small, increases were observed with alu- 
minum phosphates. On the yellow silt loam series, lazulite was the only 
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aluminum phosphate which benefited by the presence of the urea. An out- 
standing feature is the remarkable benefit derived by sweet clover from urea 
and dufrenite in the unlimed series, especially as dufrenite has proved to be 
a poor source of phosphorus thus far. The last column on the right of tables 
11, 12, and 13 give the increases in yield that may be ascribed as due to the 
phosphorus alone. It is very doubtful whether the figures can be said to repre- 
sent the influence of the phosphates because the factors regulating growth are 
much too intricate to be separated in such an arbitrary fashion; but at the 
same time they show the percentage increase of growth as due to combined 
efforts of the urea and phosphates as against the influence of the urea or the 
calcium nitrate. 

Plate 2 shows photographs of the various wheat pots which give a clear 
picture of the effect of the various treatments. The tremendous increase 
in growth can only be ascribed to the ability of the urea to render plant 
food available as a result of its transformation into acids. The small quantity 
of soil in each pot and hence the relatively small quantity of available plant- 
food in each pot combined with the large number of plants growing in each pot 
made it difficult for the plants to grow to any considerable size without the 
addition of fertilizing materials. The roots made a tangled mass in the soil 
penetrating into every nook and corner of the pots. Hopkins and Whiting 
(30) showed that nitrite bacteria could dissolve seven times as much phos- 
phorus from rock phosphate as would be required by a growing plant in a 
medium where this phosphate was the only supply of a base. The urea was 
in intimate contact with the phosphorus and, therefore, admirably situated 
for the acids produced to act on the phosphates, rather than on other soil 
materials. All the pots were well stocked with nitrogen. It is evident then 
that in the pots not treated with urea the plants suffered from phosphate 
starvation, while in the pots treated with urea, phosphorus was dissolved in 
plenty and the extensive network of roots in the pots ensured the utilization 
of a large proportion of the phosphorus thus placed at the disposal of the plants. 
An observation which lends support to this is the fact that the wheat, growing 
on the urea-treated pots, developed heads and seed, while only in isolated 
cases did any of the heads develop at all on any of the other pots. Seed pro- 
duction and early maturity are coupled with good phosphorus supply. The 
depression in yields where lime was used together with urea and phosphate 
and especially tricalcium phosphates, must be explained as due to the neutrali- 
zation by the lime of part of the acids formed. 

The smaller response to urea by aluminum phosphate is probably due to. 
the fact that aluminum is a questionable base for the nitrifying organisms 
which are known to respond to calcium and magnesium as bases. 

In the sweet clover series the formation of soluble aluminum salts was in 
all probability detrimental to the plants to which they are known to be very 
toxic. The difference in yield between check 3 and check 4 in table 12 is large 
enough to conclude that urea alone had injured the plants but that in the pres- 
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ence of lime it was beneficial. The results from the sand series bear out the 
above statements. Urea without lime benefited the wheat by supplying at 
least some soluble phosphorus; on the limed pots the solvent action of the acids 
was removed so that the calcium phosphates showed hardly any benefit from 
the addition of urea, but with the aluminum phosphates the lime rendered the 
aluminum phosphates available so that but small differences were noticeable. 
Wheat is not so susceptible to the toxic action of aluminum salts of acidity. 
In the sweet clover series urea and phosphate without lime caused havoc 
amongst the plants. All the pots treated with aluminum phosphate had their 
plants severely injured or killed. Even some pots in limed series suffered. 
This points strongly in the direction that sweet clover was injured by soluble 
aluminum salts or by acids, or by ammonium or ammonium nitrite. 


NITROGEN AND PHOSPHORUS CONTENT WITH AND WITHOUT UREA 


The analyses of some of the crops grown in this experiment (table 16) in- 
dicate that the differences in growth are due to the supply of available phos- 
TABLE 16 
Analyses of wheat from sand series 


POT NUMBER TREATMENT NITROGEN PHOSPHORUS 

per cent per cent 
111C Sal., Ca(NOs)2 2.3) 0.048 
112C Sal., Ca(NOs)2, L 2.03 0.054 
113C Sal., urea 2.42 0.076 
114C Sal., urea, L 2.23 0.056 
131B Lgg., Ca(NOs)s 1.96 0.046 
132B Lgg., Ca(NOs)2, L 2.04 0.047 
133B Lgg., urea 242 0.057 
134B Lgg., urea, L 1.95 0.047 
141 Bone, Ca(NOs)2 2.01 0.048 
142 Bone, Ca(NOs)2, L 2.02 0.050 
143 Bone, urea 2.03 0.059 
144 Bone, urea, i, 2.03 0.046 


phorus rather than to any other causes. The analyses were of wheat grown in 
the sand series—both nitrogen and phosphorus content were determined. 


Experiment 4 


The purpose of this experiment was to determine the availability of chemi- 
cally pure phosphates of aluminum, iron, and calcium and the effect of igni- 
tion on the availability of mineral phosphates of calcium, iron, and aluminum. 

In the first part of the experiment, the chemically pure phosphates were 
compared, with and without the effect of lime, and in order to insure that the 
calcium phosphate was not placed at a disadvantage by the use of calcium 
nitrate, comparative pots were planted in which ammonium sulfate was used 
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as a source of nitrogen. With the aluminum and iron phosphates a small 
quantity of calcium silicate was added as a source of calcium where ammonium 
sulfate was used. 


TABLE 17 
Yields of buckwheat on pots with chemically pure phosphates and ignited mineral phosphates 
WEIGHT OF CROP 
POT NUMBER TREATMENT IN ADDITION TO NUTRIENT SOLUTION 
First pot | Second pot | Average 
gm. gm. gm 

1 Al. P., (NH4)2SO,,CaSiO; 3.00 3.30 345 
2 Al. P., (NH4)2SOu, L,CaSiOs. 4.67 4.64 4.66 
3 Al. P., Ca(NOs)2 6.20 6.63 6.42 
4 Al. P., Ca(NOsg)2, L . 6.92 7.00 6.96 
11 Fe. P., (NH4)2SO,,CaSiOs 4,47 4.55 4.51 
12 Fe. P., (NH«)2SOu, L,CaSiO; 4.71 4.35 4.53 
13 Fe. P. Ca(NOs)s 5.39 6.20 5.80 
14 Fe. P., Ca(NOs)2,. L 6.27 5.67 5.97 
21 Ca.P., (NH4«)2SOu 4.31 4.25 4.28 
22 Ca. P., (NH4«)2SO., L 3.16 3.18 Sele 
23 Ca. P., Ca(NOs)e 6.65 6.92 6.79 
24 Ca. P., Ca(NOs)2, L 4,51 4.83 4.67 
31 Laz. I., Ca(NOs)2 3.33 3.65 3.49 
32 Laz.I., Ca(NOs)2, L 4.76 4.70 4.73 
33 Laz., Ca(NOs)s 1.56 1.40 1.48 
34 Laz., Ca(NOs)2, L 2.14 Ye | 2.36 
41 Wav.I., Ca(NOs)s 5.96 5.87 5.92 
42 Wav. I., Ca(NOs)2, L 7.49 8.05 7.77 
43 Wav., Ca(NOs)s 2.80 2.47 2.64 
44 Wav., Ca(NO;)2, L 3.59 3.18 3.39 
51 Sal. I., Ca(NOs)s 5.93 6.06 6.00 
52 Sal. I., Ca(NOs)2, L 7.89 7.87 7.88 
53 Sal., Ca(NOs)2 3.03 3.50 3.27 
54 Sal., Ca(NOs)2, L 4.95 4.04 4.50 
61 Duf.I., Ca(NOs)s 2.24 2.29 2a7 
62 Duf.I., Ca(NOs)2 L 2.00 2.29 2.15 
63 Duf., Ca(NOs)2 1.40 1.86 1.63 
64 Duf., Ca(NOs)2, L 1.60 1.76 1.68 
71 Fl. R. I., Ca(NOs)2 6.31 5.96 6.14 
UE: Fl. R. I, Ca(NO3)2, L 4.80 4.56 4.68 
73 FI. R., Ca(NOs)s 6.11 6.21 6.16 
74 FI.R., Ca(NOs)2, L 4.48 4.77 4.63 


* Key to Abbreviations: Al. P., Aluminum phosphate; Fe. P., pure ferric phosphate; 1., © 
ignited. 

The medium used was pure quartz sand which received the same nutrient 
solution at the same intervals as described in experiment 3. The limestone 
and other salts were applied in the same manner and quantities as in the 
former experiments. 
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These pots were planted on January 17, 1920, and harvested March 29, 
On three separate occasions the plants were dusted with tobacco dust to con- 
trol the thrips with which they had become infested. The buckwheat plants 
were thinned until 6 remained in each pot. 

The crops, when harvested, were placed in paper bags, dried in an oven 
at 105°C., and weighed. Table 17 gives the weights of crops obtained. 


DISCUSSION AND RESULTS OF EXPERIMENT 4 


The weights of crops obtained are well in accord with what one might expect 
from the results of experiment 1. Calcium nitrate is evidently a far better 
form of nitrogen for buckwheat than is ammonium sulfate. Even with calcium 
phosphate, calcium nitrate proved to be the better form of nitrogen in spite 
of the fact that ammonium sulfate is supposed to enhance the assimilability 
of tricalcium phosphates. It is fortunate that calcium nitrate was chosen for 
the latter half of the experiment as a source of nitrogen. Of the pure phos- 
phates, we may safely state aluminum phosphate is as available as calcium 
phosphate and that these two are only slightly superior to ferric phosphate as 
a source of phosphorus for buckwheat. The effect of lime on the availa- 
bility of the pure aluminum phosphate was not so much in evidence as it was 
with the mineral phosphates of aluminum. This is to be expected. The 
aluminum phosphate is free to hydrolyze readily at the beginning, having no 
aluminum hydrate associated with it. Only as time goes on and thealuminum 
hydrate begins to accumulate does the lime exert its influence on the availa- 
bility of the phosphates. With iron and calcium phosphates the effect of 
lime resulted as expected. The slight effect of lime on pure aluminum phos- 
phate, the failure to affect ferric phosphate at all and the great depression in 
availability of pure tricalcium phosphate is cited again as strong evidence in 
support of the theory described under the first experiment as to the effect of 
lime on the availability of aluminum, iron, and calcium phosphates. 

In connection with the relative availabilities of the three types of phosphates 
to crops, it must be borne in mind that a plant with great ability to utilize 
tricalcium phosphate was employed, as has been demonstrated time and again. 
It is very probable that had wheat, oats, millet, flax, or some such low-feeding- 
power plant been used instead of buckwheat, aluminum and iron phosphates 
would have shown up to better advantage since their phosphorus is rendered 
available more readily by hydrolysis than by the action of roots through the 
agency of carbonic acid. Acids have less solvent action on aluminum and 
iron phosphates than on calcium phosphates as has been demonstrated in 
experiment 3. 

Ignition of the phosphates has had a remarkable effect on the assimil- 
ability of the phosphorus. It may be stated here that the phosphates were 
ignited at a bright red heat for 5 hours. Saldanha phosphate and wavellite 
lost about 15 per cent of their weight; the other three phosphates about 5 
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percent. This loss of weight was, of course, taken into account when apply- 
ing the phosphates so that all phosphates were applied on an equal phosphorus 
basis. Ignition of the three aluminum phosphate minerals resulted in doub- 
ling the crops obtained with them as compared with the unignited minerals. 
Smaller but still significant increases in yields were realized by igniting dufren- 
ite. Ignition has had no influence on the availability of the calcium phosphate 
used. 

The increased availability of the aluminum and iron phosphates may be due 
to two causes: 

1. Dehydration of the mineral and dehydration of the aluminum and ferric 
hydrates associated with the phosphate. 

2. Destruction of the physical structure of the minerals. The first cause 
seems to be the more logical one. As has been explained in experiment 1, 
the basic phosphates are less available than the non-basic ones. With the 
lazulite, wavellite, and Saldanha phosphates we have associated a quantity 
of aluminum hydrate. Ignition converts the hydrates into oxides: 


With dufrenite we have associated ferric hydrate which is dehydrated: 
2Fe(OH);— Fe.O2. + 3H:0 


Now aluminum and ferric oxides are far less soluble than aluminum and ferric 
hydroxides, so that they would, therefore, exert a less depressing effect on the 
availability of the phosphates. No doubt these oxides will slowly again be 
converted into hydrates in the soil, but this hydration is slow and furthermore 
in the case of aluminum hydrate, as hydration proceeds, the lime will precipi- 
tate the aluminum as calcium aluminate. . , 


By '2Al(OH)3 -+ 3Ca(OH)2— CasAl:O + 6H20 
soileeiailieshiaiacihaneahiaaeiiaiae eeaatdaadmainaie “hemaandlcrenons at ae Paces 
This precipitation will also be more effective than when the lime hast to act on 


the aluminum hydrate en masse. The inability of lime to remove the ferric 
hydrate explains the smaller effect of ignition on the availability of the 
dufrenite. 

In the unlimed pots treated with ignited aluminum phosphate and in all the 
pots treated with ferric phosphate, the process of hydration of the oxides is 
gradual so that most of the alumina and ferric oxide will at first occur as 
partially hydrated oxides: AIO(OH), AlLO(OH),, FeO(OH), Fe,xO(OH)., and 
numerous others. These partially hydrated oxides are not as soluble as the 
fully hydrated ones and would therefore exert less influence on the solubility 
of the phosphates, their hydrolysis, and final assimilation by the plants. 

The destruction of physical structure of the minerals may, of course, be an 
important consideration. The solubility of the minerals may readily be 
greatly altered by destruction of the crystalline structure. The natural 
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solubility of the minerals will greatly affect the rate of hydrolysis of the various 

minerals. There are large possibilities for accounting for many riddles with 

regard to phosphates on the basis of crystalline structure of the minerals. 
Quartaroli (63) claims the existence of two dicalcic phosphates which he 


represents schematically by Ca/Ca/(HPO,)2, and (HPO,)2. The first 


is amorphous and transformable into Ca(H2PO,)2 and the second is crystalline 
and not transformable into Ca(H2PO,)2. He suggests the possibility of four 
forms of tricalcium phosphates which he represents schematically as: 


(A) /Ca/Ca/Ca/(POx)s 


(B) | Ca] Ca] (POx)e 
Ca 
(C) | Ca| Ca] (PO,)2 
Ca 
Ca 
(D) | Ca} (PO,)e 
Cal 


(A) would be gradually transformable into dicalcium phosphate, then mono- 
calcium and finally into phosphoric acid; (B) would be transformable into 
the crystalline type of dicalcium phosphate and would not be able to produce 
any monocalcium phosphate; (C) would pass from tricalcium phosphate to 
the monocalcium phosphate without yielding the dicalcium phosphate and 
finally form phosphoric acid; (D) cannot be converted into di- or monocalcium 
phosphate but passes directly to phosphoric acid. Quartaroli has proven the 
presence of two lithium phosphates. He claims that phosphorites are mixtures 
of the four forms of calcium phosphate. Aluminum and iron phosphates would 
lend themselves to the production of similar isomers. Perhaps the variability 
inter se in availability of calcium phosphates, aluminum phosphates, and iron 
phosphates is due to the varying proportions of the different isomers in the 
several minerals. Ignition may or may not alter the proportions of the various 
isomers and so exert its effect on the availability of the various phosphates. 
The differences in the availability of lazulite, wavellite, and Saldanha phos- 
phates, that of Florida rock and Laingsburg phosphate, etc., may easily 
be due to the proportions of the various possible isomers as suggested by 
Quartaroli. 

It is very remarkable that ignited wavellite and Saldanha phosphates on 
the limed pots should have produced larger crops than even any of the pure 
phosphates. The availability of lazulite was much increased as a result of the 
ignition but in no form did the lazulite prove nearly as good as wavellite or 
Saldanha phosphates. This proves that there is a fundamental difference 
between the aluminum phosphates in these three minerals. Neither the 
crystalline structure nor the presence of aluminum hydrate can be designated 
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as the reason. It seems that Quartaroli has made a very notable contribution 
to our understanding of the phosphates we deal with in agriculture. 

Plate 3, figure 2, shows the relative growth made by the buckwheat with 
the ignited and unignited aluminum phosphate minerals. 


Experiment 5 


In this experiment an attempt was made to illustrate some factors, which 
affect the availability of phosphates. 

The first factor studied was the solubility of aluminum phosphate in an 
alkaline solution. The plan followed was similar to that of Kossovitsch (37) 
described on page 356 in the survey of literature. Three pots were planted. 
Inside each pot there was placed a porous pot made of bauxite. The porous 
pot had the same depth as the gallon pots used throughout this experiment 
and had a diameter of about 4 inches. This pot allowed the penetration of 
crystalloids in solution but effectively withstood root penetration through 
its walls. 

In pot 1, both the inner and the outer pots were filled with sand. The outer 
pot received an application of lime and ferric chloride. The rest of the plant- 
food materials were applied in a nutrient solution containing monocalcium 
phosphate, potassium sulfate,and magnesium sulfate. 

In pot 2, the inner pot received an application of 10 gm. of wavellite well 
mixed with the sand and the outer pot, an application of lime and ferric 
chloride. The rest of the plant nutrients were added in the form of a nutrient 
solution containing potassium sulfate, magnesium sulfate, and potassium 
carbonate. 

The nutrients were all applied in the manner and amounts already described, 
except that one-third of the potassium sulfate was replaced by an equivalent 
in potassium of potassium carbonate. 

In pot 3, was a duplicate of pot 2, except that the wavellite was applied in 
the outer pot instead of the inner pot. 

Inoculated annual white sweet clover seed was sowed in the outer pots. All 
the pots were planted in duplicate. The nutrient solutions were applied only 
through the inner pot. All the water added was applied to the inner pot, 
so that the soil solutions reaching the plant roots all passed through the walls 
of the porous pot. Planting occurred on March 23, 1920, harvesting on May 
27, 1920. 

During the first month of the growing period, it was not thought that the . 
plants in pot 2 would survive. On pot 1, the sweet clover grew luxuriantly. 
On pot 3, fairly good growth was obtained. At the end of the month the 
plants in pot 2 suddenly began growing, those near the porous pot first, those 
farther away in succession until all the plants were growing. ‘Ten plants were 
finally left in each pot. The yields are given in table 18. 

Enough growth was obtained on pot 2 to give confidence that the plants 
obtained phosphorus. Thus, phosphorus must have been dissolved by the 
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nutrient solution and diffused through the walls of the porous pots. In 
alkaline soils, then, aluminum phosphate will be dissolved by the soil solution. 
This fact is in accord with Storer’s statement (73). Plate 4, figure 1, 
shows a photograph of the roots of the plants clustered around the porous 
pots. Chemotaxis is probably the cause for the location of the roots of the 
plants. 


The second factor studied was the solvent effect of plant roots on various 
phosphates. 

Thin, flat, smooth-surfaced plates of plaster of Paris were made. While 
the plaster was setting, phosphate was dusted onto one surface through a 200- 
mesh sieve and smoothed over the surface, so that the entire surface was cov- 
ered with a thin uniform layer of phosphate which was also firm and smooth. 
All portions of the plates not covered with phosphate were carefully painted 
with “asphaltum” paint. With a little practice very satisfactory smooth 
phosphate surfaces may be produced. Such plates were made using Saldanha 


TABLE 18 
Yields of sweet clover 


WEIGHT OF CROPS 
POT NUMBER 
First pot Second pot Average 
gm. gm. gm. 
1 14.25 13.62 13.94 
2 3.27 2.67 2.97 
3 7.87 8.7 8.31 


phosphate, wavellite and Laingsburg phosphate. Each plate was placed 
vertically in a pot of sand moistened with a nutrient solution containing po- 
tassium sulfate, magnesium sulfate, and ferric chloride in the proportions 
already described in former experiments. The sand also received an appli- 
cation of limestone and gypsum, the latter at the rate of 200 pounds per 
acre. There were two plates of each phosphate. In the one case, a sweet 
clover plant about 6 inches tall was placed with its roots against the phos- 
phate surface, in the other the plant was set on the side opposite to which the 
phosphate was to be found. Eight weeks after planting, the plants were 
removed from the pots and the roots and the plates examined. Plates 4 
and 5, accurately depict the effect of the plant roots on the phosphate sur- 
faces. The roots of the plants were matted all over the surface of the phos- 
phate, a large portion of which had been removed. The pitted appearance 
of the plates marked clearly the corrosive effect of the roots. 

The sweet clover plants using calcium phosphate developed slightly better 
than the other four plants but the use of only one plant precludes the drawing 
of any conclusions as to the best phosphate in this form. 
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The plant roots could find phosphate only in very limited area. Nearly 
all the roots were confined to that area. The demonstration, while giving no 
actual proof, indicates that root contact with the insoluble phosphates is im- 
portant as a factor in the assimilation of such phosphorus and that roots of 
sweet clover have considerable ability in rendering phosphates soluble, prob- 
ably as a result of acid excretion. It was noticeable that the roots growing 
against the phosphate plates were considerably flattened. 


GENERAL DISCUSSION 


The phosphorus of the soil occurs in the form of organic compounds and 
minerals; the latter chiefly as aluminum, calcium, iron, and magnesium phos- 
phates. These mineral phosphates may of course be in the form of complexes 
with organic matter as suggested by Peterson (51), especially if the phosphates 
are basic ones. Acid humic bodies and acid silicates may readily form com- 
pounds with basic phosphates. Truog (77) points out that these compounds 
may be “very resistant and insoluble compounds.” 

It is the problem of agriculturists to furnish growing crops a plentiful supply 
of phosphorus to be drawn from the stock in the soil. Each of the various 
phosphorus-containing compounds has a different degree of availability and, 
what is perhaps more important, demands certain special conditions for its 
maximum availability which vary with each type of phosphate. The ideal 
practice for the farmer is to obtain such conditions as will yield him the largest 
quantity of available phosphorus per acre. In order to prevent the deteriora- 
tion of the land, this involves maintaining and generally, too, increasing the 
stock of phosphorus in his soil. The necessity of growing and plowing under 
legumes to add nitrogen to the soil involves almost invariably the use of lime- 
stone. Few legumes thrive in acid soils. Apart from the question of growing 
legumes it is a known fact that the organisms involved in transforming or- 
ganic nitrogen into the nitrate form thrive best on calcareous media. Cen- 
turies of profitable employment of lime is proof enough of the value and the 
necessity of its use. Drainage, cultivation, liming, and incorporation of or- 
ganic matter with the soil are essential farm practices on most of the arable 
soils of the world. These practices must be followed. The kind and amount 
of phosphorus compounds to be applied, the time and manner of application, 
the kind of crops grown, the use of catch crops, the employment of other 
fertilizers not involving phosphorus are the factors which the farmer may use 
in order to make the best use of the phosphorus of the soil and of insuring a 
good supply of phosphorus to the crops he grows. 

The investigations reported in this paper have shown that plants can utilize 
aluminum, iron, and calcium phosphates to some extent. Certain forms of 
each of these phosphates are better than others; certain conditions improve, 
other conditions impair, the availability of these phosphates. Under all 
conditions, however, plants are able to obtain some phosphorus from any of 
the minerals used. The greater the stock of phosphorus in the soil, then the 
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greater the amount the plants can obtain. The greater amount of surface 
exposed to agencies tending to dissolve the phosphorus, and the greater amount 
of contact of phosphate with the plant roots are two favorable factors which 
would multiply the effectiveness of the extra phosphate. 

Insuring the presence of a large quantity of phosphorus in the soil is the 
solution of the fundamental soil problem. Hopkins (29) claims that good 
farming practice renders 1 per cent of the phosphorus in the surface layer 
available every year. Twenty-three hundred pounds of phosphorus per acre 
would insure the availability of sufficient phosphorus to produce maximum 
crops of such plants as corn, oats, alfalfa, wheat, etc. If Hopkins’ claim is 
true, the first step in the solution of the phosphorus problem of the soil would 
be to raise the phosphate stock of the soil to the above amount. 

The choice of the type of phosphorus to add is the second problem. The 
experiments reported above would indicate that as an average, calcium phos- 
phates are to be preferred. In a soil well stocked with limestone, however, 
aluminum phosphates may be more desirable. There is no doubt that very 
satisfactory results may be obtained by the use of aluminum phosphate. 
The price of the material would be the big factor in determining the choice 
of phosphates. Aluminum phosphates should never be used on acid soils 
unless, of course, lime is applied at the same time. In fact it would be prefer- 
able to apply lime together with the aluminum phosphate so that the two may be 
in intimate contact in the soil. Tricalcium phosphates are used with greater 
effect on acid soils. Iron phosphates have a doubtful value. If the phosphate 
is not basic it may be applied to advantage but the lasting effects will be 
much lower than that for calcium phosphates or aluminum phosphates on 
limed soils. In choosing phosphates to apply to soil, discretion should be 
used. No phosphate material should be used without a preliminary test. 
The low assimilability of the phosphorus in dufrenite and lazulite is a warning 
against indiscriminate buying of these phosphates. 

Aluminum, iron, and calcium phosphates vary as to the manner in which 
they are rendered available in the soil. It would perhaps be a good policy to 
apply both aluminum and calcium phosphates to the soil so as to make full use 
of all the reactions which tend to place phosphorus at the disposal! of plants. 

Considering the time of applying phosphorus, it would be wise to apply phos- 
phorus for the green-manuring crop especially if clover, sweet clover, rape, 
mustard, or some such heavy feeder on phosphorus is used. These crops will 
then place the phosphorus they have used at the disposal of the money crops 
following. This practice would be especially desirable where aluminum phos- 
phates are used. With calcium phosphates, it would perhaps be more de- 
sirable to plow the phosphate into the soil with the green-manuring crop in 
order to utilize to the fullest extent the acids produced during nitrification 
of the nitrogenous material and at the same time placing the phosphorus in 
intimate contact with the big source of carbonic acid production. The urea 
experiment reported above is further support of the results of Hopkins and 
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Whiting (30) regarding the effect of nitrification on the availability of 
phosphates. 

Truog (77) makes a suggestion for a rotation of crops in Wisconsin in which 
he introduces white mustard and rape as catch crops, the former being planted 
after wheat harvest, the latter, the following year in corn at the last cultivation. 
The third year clover is seeded in the oats, the fourth year the field remains in 
clover. This suggestion is an admirable one in the direction of keeping the 
soil well supplied with organic matter and in using other crops to help the weak 
feeding Graminae to obtain readily available phosphorus. 

Acid phosphate and soluble phosphates, in general, are usually too expensive 
to have a place in building up the phosphorus stock of a soil. They can be 
used with effect in another direction. If small top dressings of this phosphate 
be used, they will serve to give the young seedlings a rapid start so that they 
will develop a strong root system which will then function in feeding the plant 
in later growth stages. This practice should be used only in connection with 
a system in which adequate provision is made for stocking the soil with phos- 
phorus. If not, the practice will prove to be one of the best ways of rendering 
a poor soil poorer. 

CONCLUSIONS 


1. Mineral phosphates of aluminum and iron are valuable sources of phos- 
phorus for plants; under certain conditions they are superior to calcium phos- 
phate, under others inferior. 

2. Nitrification of urea with the consequent production of acids acts very 
favorably in assisting plants to obtain phosphates of aluminum, iron, and cal- 
cium for food. 

3. Chemically pure phosphates of aluminum and iron are as readily avail- 
able to the plants tested as is pure calcium phosphate. 

4, Mineral phosphates of aluminum and iron are not as readily available 
as the pure phosphates of the same metals due to the fact that most of them are 
hydrated basic phosphates. 

5. Igniting the minerals, thereby dehydrating the bases associated with the 
phosphates and destroying the crystalline structures of the minerals, removes 
the drawback against the use of mineral phosphates of aluminum and iron. 

6. Aluminum phosphates, whether chemically pure or in mineral form, 
ignited or unignited, always display their maximum effect in a calcareous 
medium. 

7. The effect of iron phosphates is neither enhanced nor depressed by the : 
addition of limestone under the conditions of the experiment. 

8. Under the conditions of the experiments, where chiefly neutral growing 
media were used, tricalcium phosphates were affected adversely by the addi- 
tion of limestone. 

9. An alkaline soil solution dissolves aluminum phosphate and aids the plant 
in obtaining its phosphorus for food. 
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10. Contact of the roots of plants with mineral phosphates is a very im- 
portant factor in the assimilation of the phosphorus by plants for food. 
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PLATE 1 

Fig. 1. Buckwheat six weeks old in sand culture. 
Pot number Treatment Pot number Treatment 
1201A....Lazulite OIC... Saldanha 
1202A..... Lazulite and lime 1 Cas Saldanha and lime 
1203A..... Lazulite and gypsum TQORS. 5 <0 Saldanha and gypsum 
1204A..... Lazulite, lime and gypsum 120EC. oss. Saldanha, gypsum and lime 
1301A..... Dufrenite 120183). <.....- Wavellite 
302A... Dufrenite and lime 19028. ..: 5.6 Wavellite and lime 
1303A..... Dufrenite and gypsum S20SB...... 225 Wavellite and gypsum 
1304A..... Dufrenite, lime and gypsum 1204B...... Wavellite, gypsum and lime 


Fig. 2. Sweet clover six weeks old in sand cultures showing effect of lime 


Pot number Treatment Pot number Treatment 
< | Mono calcium phosphate x1402B....Laingsburg phosphate and 
lime 
et, Ca Saldanah phosphate and x1401B ...Laingsburg phosphate 
lime alone 
RIDDIC 6623 Saldanah phosphate x1402A ...Florida Rock phosphate and 
alone lime 
SA202B. 52% Wavellite and lime x1401A ...Florida Rock phosphate 
alone 
x1201B...... Wavellite alone KAGCL..3. 2 Bonemeal and lime 


£19028. 63% Vivianite and lime x1602B... Bonemeal alone 
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PLATE 2 


Fic. 1. Wheat on brown silt loam series showing the effect of urea on the availability 
of aluminum and iron phosphates. 


Fic. 2. Wheat on yellow silt loam series showing the effect of urea on the availability 
of the calcium phosphates. 
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PLATE 3 


Fic. 1. Wheat and clover in sand series showing the best pot with each of varicus 
phosphates. 


Fic. 2. Buckwheat on sand culture showing effect of ignition on availability of 
aluminum phosphates. 
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PLATE 4 


Fic. 1, Roots of sweet clover clinging to the porous pots. Pot on right received 
soluble phosphorus. 


Fic. 2. Effect of sweet clover roots on smooth surface of wavellite. 
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PLATE 5 


Fic. 1, Effect of sweet clover on smooth surface of Laingsburg phosphate (rock 
phosphate). 


Fic, 2. Effect of sweet clover on smooth surface of Saldanah phosphate. 
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